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ABSTRACT 
Single stranded DNA binding proteins (SSB) play a major role in cellular DNA 
processing events such as replication, recombination and repair and are central to 
maintaining the integrity of our genome. These processes require the DNA double helix 
to unwind, exposing less stable and highly vulnerable regions of single stranded DNA 
(ssDNA). SSB proteins bind ssDNA via a highly conserved oligonucleotide-binding (OB) 
domain and function to temporarily bind and protect exposed ssDNA generated during 
these events. The vital role of SSBs is evident from their ubiquitous presence in all forms 
of life.   
In the recent years, high resolution DNA-bound structures of bacterial SSBs and the 
eukaryotic Replication Protein A (RPA) were published, significantly enhancing our 
understanding of the molecular mechanism of DNA binding by SSBs. Although the 
structure of the archaeal SSB from Sulfolobus solfataricus (SsoSSB) has been solved, the 
DNA binding details of this protein have not been elucidated until now. This thesis reveals 
the structural basis of ssDNA recognition by SsoSSB and provides the first look into how 
archaeal SSBs bind ssDNA at the structural level.  
Two novel human SSBs, hSSB1 and hSSB2 were recently discovered. Prior to this, RPA 
was the only known SSB in humans, therefore this discovery has provided a new 
dimension to our understanding of DNA processing events in our cells and is now a 
prevailing topic of interest. The main function of the hSSBs appears to be central to a 
range of DNA repair pathways. However, irrespective of their precise function in DNA 
repair, both homologs are primarily involved in binding ssDNA, and act very early in 
the damage response. This has provided us with the opportunity to study hSSB1 and 
hSSB2 as suitable targets to shut down highly active DNA repair processes in tumour 
cells. In this thesis, I present the structural basis of DNA binding by hSSB1 and hSSB2 
which will ultimately complement the development of hSSB inhibitors for the use in 
novel anti-cancer therapeutics. 
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 Protein-Nucleic acid interactions 1.1
Nucleic acids are a fundamental necessity to storing information across all known 
forms of life. They play additional roles in regulating cellular processes and in some 
cases, are even involved in a structural capacity. In fact, self-replicating RNA may 
have been the beginning of life itself, pre-dating the evolution of proteins and their 
functions. Complexity of species throughout evolution however has forced an intricate 
network of interactions between nucleic acids and proteins. To understand these 
interactions in more detail, it is necessary to highlight the nucleic acid binding 
mechanism of these proteins. 
The key aim of this thesis focuses primarily on a family of proteins that bind single 
stranded DNA (ssDNA). The forthcoming sections of this chapter and thesis will 
therefore explore the molecular nature of single-stranded DNA-protein complex 
formation.  
 Single-stranded DNA binding (SSB) proteins 1.2
DNA has emerged as the predominant hereditary material of life and has necessitated 
the evolution of proteins that have a sole purpose of preserving and maintaining these 
molecules. The presence of a wide array of proteins with specialised functions in DNA 
metabolism allows the cell to replicate and maintain its genome. During DNA 
metabolic events, the double helix must be unwound to expose ssDNA regions. 
However, ssDNA is its most vulnerable form and can undergo chemical and 
nucleolytic attack, self-form secondary structures obscuring nucleotide groups, and re-
anneal prematurely with the complimentary DNA strand. The need to manipulate 
DNA in this form has given rise to a specialised group of proteins; the single-stranded 
DNA binding (SSB) proteins from the oligonucleotide/oligosaccharide binding (OB) 
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domain family. Notably, other families of SSB proteins bind ssDNA utilising 
alternative structural motifs such as the RecA, K homology, RNA recognition motifs 
and whirly domains (4-9); these do not form part of the scope of this thesis.   
SSBs from the OB domain family play the essential role of stabilising ssDNA 
structures by binding to exposed ssDNA regions, and preventing them from 
undergoing undesirable reactions, thereby allowing DNA processing events to take 
place appropriately. In addition to binding to and protecting ssDNA as a primary 
function, SSB proteins play a role in initiating a cascade of metabolic events by 
interacting with and recruiting other partner proteins to the DNA substrate (5), thereby 
providing a role in replication, recombination, repair and other processes (Figure 1.1). 
Recently, certain SSB proteins have also been shown to bind RNA (10-12), which 
may contribute to an additional role in RNA metabolism.  
The ubiquitous nature of SSBs in all forms of life reflects the functional necessity of 
this family of proteins. The sequence homology of SSBs suggests that all kingdoms of 
life share the same ancestral SSB, which may have been present in the Last Universal 
Figure 1.1 The multiple roles played by SSBs across the three domains of life. 
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Figure 1.2 Phylogenetic tree of life (2). 
Common Ancestor (LUCA) (Figure 1.2) (13-16). LUCA however probably encoded 
genetic information in the form of U-DNA (uracil containing DNA), and therefore 
may have hosted an SSB that functioned as an RNA binding protein instead. Evolution 
of LUCA into the DNA coding life forms of today has in effect directed the function 
of these proteins to bind DNA (16).  
A conserved structural feature of the SSB family is the oligonucleotide/ 
oligosaccharide binding (OB) domain, which is involved in the direct binding to 
ssDNA substrates. This essential OB domain is present in the simplest of prokaryotic 
SSBs, thereby being functionally conserved during evolution.  The structure of this 
domain has also remained essentially intact, and structural differences outside of this 
domain have arisen primarily with the purpose of adding extra variation to the 
function of the SSBs.  
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 The OB fold 1.2.1
The OB fold was first characterised from a group of bacterial and yeast proteins that 
bound oligonucleotides or oligosaccharides (17). Subsequent studies over the last two 
decades have since shown that OB domains are capable of forming DNA-protein, 
RNA-protein and even protein-protein complexes (18,19).  Among these roles of the 
OB domain, it is the ssDNA binding function that is the most widely characterised.  
OB folds in different proteins vary in length (70-150 amino acids) and have a low 
degree of sequence similarity. Yet, extensive studies have shown that many of the 
features of these domains are structurally consistent with each other. On a structural 
level, OB folds comprise 5 anti-parallel, highly bent β-strands organised into a barrel-
like structure (17). These β barrels present a binding cleft on one end and is capped by 
an α-helix at the other end. The binding specificity is determined by the sequence, 
length and conformation of the connecting loops between the β-strands. OB folds are 
commonly observed as tandem repeats in proteins and protein complexes. These 
tandem OB units can interact with ssDNA in a cooperative manner, increasing the 
affinity and specificity of the protein for ssDNA (17). 
 Structural diversity and ssDNA binding mechanisms among 1.3
SSB proteins 
The number of OB folds present in SSBs varies between life forms, prompting the 
division of this family into two distinct sub-groups; simple SSBs and complex SSBs. 
Simple SSBs are typified by bacterial SSBs, which contain a single OB fold and the 
more complex SSBs represented by eukaryotic SSBs (Replication Protein A; RPA), 
which contain multiple OB folds. Intriguingly, archaea which share the same 
evolutionary branch as eukaryotes, have examples in both sub-groups (16). For 
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example, the crenarchaeal Sulfolobus solfataricus has a simple SSB (SsoSSB) (20), 
whereas the euryarchaeal Methanococcus jannaschii has an RPA-like complex SSB 
(21). More recently, two new eukaryotic SSBs, human SSB1 (hSSB1) and human 
SSB2 (hSSB2) have been identified and show a similar domain organisation to the 
simple SSB (22)  (Figure 1.3). 
Simple SSBs generally contain only a single polypeptide chain with one or two OB 
folds. The simple SSBs in bacteria commonly bind ssDNA as either homotetramers 
(Escherichia coli SSB/ EcoSSB) (23) or homodimers (Deinococcus radiodurans/ 
DraSSB (Figure 1.3) and Thermus aquaticus SSB) (24,25), indicating some diversity 
Figure 1.3 Domain organisation of SSBs from the three kingdoms of life. 
SSBs are divided into ‘simple’ SSBs with one or two OB folds on a 
single polypeptide or ‘complex’ SSBs with multiple OB folds across one 
or more polypeptide chains. SSBs show diverse oligomerisation states. For 
example, EcoSSB forms homotetramers, whereas RPA forms a heterotrimer 
made up by the RPA70, RPA32 and RPA14 subunits. 
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within the bacterial group of SSBs. One of the simple SSBs from humans (hSSB1), 
has been shown to bind ssDNA as a homodimer and homotetramer under oxidative 
conditions (26), but is also capable of functioning as a monomer in the normal reduced 
conditions of the nucleus. This reflects the diverse roles of hSSB1 in multiple repair 
pathways. For example, the monomer of hSSB1 functions in homologous 
recombination (22,27), whereas the tetramer is involved in the oxidative damage 
response (26). Interestingly, there is conflicting evidence regarding the 
oligomerisation potential of the archaeal SsoSSB, with one study showing dimer and 
tetramer formation (28), and several other studies only observing functional monomers 
(20,29,30).   
The complex SSB sub-group is defined by the arrangement of OB folds across two or 
more polypeptides (Figure 1.3), such as in eukaryotic RPA and euryarchaeal SSBs, 
which may contribute to the formation of hetero-oligomeric complexes (21,31,32). 
The oligomeric state of SSBs has a direct impact on the nature of binding to ssDNA, 
which is evident from the study of existing SSB-ssDNA complex structures. Although 
all SSBs are fundamentally involved in binding exposed ssDNA regions, they are 
surprisingly diverse in how they assemble to interact with ssDNA. 
 Bacterial SSBs 1.3.1
The monomeric domain organisation of most bacterial SSBs consist of a single N-
terminal OB domain, followed by an unstructured C-terminal region. The most widely 
studied bacterial SSB is the SSB from Escherichia coli (EcoSSB), which has a 
surprisingly complex DNA binding mechanism. The monomeric OB fold from 
EcoSSB assembles into a tetramer via two distinct protein-protein interfaces (Figure 
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1.4A), where each of the monomers makes extensive contacts with the ssDNA, 
causing the DNA to wrap around the outside of oligomeric protein (23) (Figure 1.4A).  
 
The four OB folds that assemble into a functional EcoSSB allow for the presence of 
two distinct ssDNA binding modes (Figure 1.5). The two binding modes (SSB)65 and 
(SSB)35 are recognised based on the number of nucleotides occluded by the 
preassembled tetramer. In the limited cooperativity mode (SSB)65, all four domains 
interact with the ssDNA causing the ssDNA to wrap around the protein (23,33,34). In 
contrast to this, the unlimited cooperativity (SSB)35 mode forms long nucleoprotein 
filaments coating the DNA, with only two OB domains contacting the DNA molecule 
(33,35). The stability of the two binding modes in vitro depends on the concentration 
of monovalent salts. Low ionic (<200 mM NaCl) and high SSB:ssDNA conditions 
favours the (SSB)35 mode, whereas the (SSB)65 mode is more stable under higher ionic 
strengths and low SSB:ssDNA conditions (36,37). Interestingly, the (SSB)65 mode 
Figure 1.4 Three-dimensional crystal structures of Bacterial SSBs. (A) E. coli 
SSB tetramer (PDB ID 4MZ9); each monomer is depicted in a different colour. (B) 
D. radiodurans SSB dimer (PDB ID 1SE8); one monomer is in blue, the other in 
mauve. 
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functions in homologous recombination and (SSB)35 plays a role in DNA replication 
(37). Their relative functions are perhaps a reflection of their globular or filamentous 
organisation.   
Figure 1.5   Schematic representations of SSBs bound to ssDNA in different 
modes. (A) EcoSSB homotetramer bound to ssDNA in the globular (SSB)65 and 
filamentous (SSB)35 modes (1). (B) RPA heterotrimer bound to ssDNA in the 8 nt and 
30 nt binding modes (3).  
9
Chapter 1: Introduction 
Ruvini Kariawasam – November 2017
The structure of EcoSSB bound to ssDNA has been published and is used as a model 
to understand how ssDNA wraps around the tetramer in the (SSB)65 binding mode, as 
well as the molecular details of this interaction (23). The interaction between ssDNA 
and EcoSSB is mediated by many hydrophobic and ionic interactions, which take 
place in a sequence independent manner. W40, W54 and F60 make several contacts 
with DNA in the crystal structure (23), which is further confirmed by mutational 
analysis and Trptophan fluorescence quenching studies (35,38,39). Several 
electrostatic interactions have also been identified between several Lysine residues 
(43, 62, 73 and 87) and the DNA backbone (23).  
Recent studies have shown that the C-terminal region of EcoSSB may compete with 
ssDNA for its binding site, thereby negatively regulating the binding (40-42). The only 
other SSB that has been observed to do this is the SSB from the T7 bacteriophage 
gp2.5. In the bacteriophage T7 (43,44), it has been proposed that this may prevent the 
DNA binding cleft from binding other non-specific negatively charged surfaces, which 
may well be the case with EcoSSB. SSBs from the Mycobacterium group of bacteria 
(M. tuberculosis and M. smegmatis) show a homotetrameric arrangement, analogous 
to EcoSSB, with very similar tertiary structures for the subunits (45).  However, the 
overall quaternary structure shows significant variances between the two phyla, which 
may be consequential to the binding of ssDNA (46). 
In general, SSBs require a tetrameric unit to obtain full functionality as seen with most 
bacterial SSBs and some human SSBs. However, the Deinococcus/Thermus phyla (D. 
radiodurans and Thermus aquaticus) show a homodimeric organisation unlike their 
mesophilic bacterial counterparts (Figure 1.4B). Each monomer contains two OB 
folds, which is likely to be a result of a gene duplication event in the evolution of the 
Deinoccocus/Thermus group of bacteria (24,25,47). This indicates that the overall 
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cooperation of four OB domains in the quaternary structure may be the common 
feature among bacterial SSBs. An interesting theory is that the need for two separate 
OB domains in this phylum could be an adaptation of thermophilic and radiosensitive 
bacteria to extreme environments (48). 
 Archaeal SSBs 1.3.2
Archaea (divided into three groups, namely crenarchaeota, euryarchaeota and 
korarchaeota (2)), the third domain of life, are a group of interesting organisms in that 
they have genes similar to both eukaryotes and bacteria (49). Notably, DNA 
processing human proteins show a higher degree of amino acid sequence similarity to 
thermophilic archaeal proteins than to their bacterial counterparts. This has allowed 
the use of structure-function relationships of individual amino acid residues, inferred 
from structures of archaeal proteins, to be translated into human systems of interest. 
An example of this is the study of archaeal proteins involved in a range of DNA 
metabolic processes (ie. UDG2, XPF, XPD, and SSB to name a few), to obtain 
structural and functional information of their human homologs (50).   
SSB proteins from this domain display similarities with both bacterial (‘simple’) SSBs 
and eukaryotic RPA (‘complex’). The arrangement of euryarchaeal SSBs is similar to 
eukaryotic RPA, with multiple OB domains organised on a polypeptide or 
polypeptides as well as the presence of a zinc finger motif. The first archaeal SSB was 
discovered in the euryarchaeote Methanococcus jannaschii as a result of a genome 
mining study using the sequence of one of the subunits of human RPA, RPA70 (51). 
The M. jannaschii SSB (MjaSSB) monomer contains four tandem OB domains similar 
to the OB domain arrangement in RPA70 (21). Although unlike RPA, MjaSSB exists 
as a monomer in solution and only assembles in the presence of DNA. ssDNA binding 
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by MjaSSB occludes ~ 15-20 nucleotides (nt), which is less than the 28-30 nt 
occlusion seen with RPA70 (21), indicating perhaps a conformational difference in 
binding. 
Methanobacterium thermoautotrophicum SSB (MthSSB), another euryarchaeal SSB, 
shows five tandemly organised OB domains on a single polypeptide chain (21). 
Similar to the eukaryotic RPA heterotrimeric complex, the Pyrococcus furiosus SSB 
(PfuSSB) forms a complex consisting of three distinct subunits, with OB domains 
distributed among all of them (52).  The hyperthermophilic Sulfolobus solfataricus 
representing the crenarchaeotes, encodes a ‘simple’ SSB similar to the majority of 
bacterial SSBs, with only a single OB domain per polypeptide chain. Intriguingly 
though, the SsoSSB OB fold demonstrates a close structural relationship with the OB 
domains from RPA70 (Figure 1.6) (20,28,53,54) as well as the recently discovered 
hSSB1 (discussed in this thesis). 
 Compared to bacterial SSBs and eukaryotic RPA, little is understood about how 
archaeal SSBs bind ssDNA. The existing models of this were based on a comparison 
of the structural similarities between simple SSBs (i.e., SsoSSB) and one of the OB 
Figure 1.6 Three-dimensional crystal structure of the 
monomeric S. solfataricus SSB OB domain (PDB ID 1O71). 
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domains of RPA (RPA70B). These models suggest a change in conformation from an 
open to a closed state upon binding to DNA (29), similar to RPA70 (32). Furthermore, 
the DNA binding site consists of only 4-5 nt per monomer (20,28,29), making it 
unlikely that ssDNA wraps around the protein. This has now been confirmed by the 
structure of SsoSSB bound to ssDNA, which I have recently published and will 
describe in Chapter 2 of this thesis (30). This is the only published archaeal SSB-
ssDNA complex structure to date, which now provides new insight into comparisons 
between SSBs from all kingdoms of life.   
 Human SSBs 1.3.3
In eukaryotes, the only known SSB for over 20 years was the RPA heterotrimer. More 
recent studies have led the discovery of two new ‘simple’ human SSBs (hSSBs).  
 RPA 1.3.3.1
RPA is a heterotrimeric protein complex that has been shown to be a fundamental 
component of both DNA replication and repair pathways, and therefore indispensable 
for cellular function (55,56).  The RPA complex consists of 3 subunits, RPA70 being 
the largest along with RPA32 and RPA14, and was first discovered as an essential 
factor for in vitro replication of simian virus 40 DNA in cellular extracts (55,57-60). 
Subsequent studies identified RPA as being present in all eukaryotes with conserved 
amino acid sequence and structure (55,56,61). 
RPA consists of six OB folds, which are also commonly referred to as DNA binding 
domains (DBD). However, only four out of the six DBDs are involved in binding to 
ssDNA. DBD-A, DBD-B and DBD-C, tandemly located on the RPA-70 subunit, and 
DBD-D located on the RPA-32 subunit have the capability to bind ssDNA 
(32,55,56,62). However, DBD-E located on RPA14 and DBD-F located on RPA70 do 
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not have the capacity to do this, but instead participate in protein-protein interactions 
responsible for downstream DNA processing events. The three subunits (RPA70, 
RPA32 and RPA14) interact with each other via OB domains DBD-C, D and E, as 
well as an additional three-helix bundle (62). Similar to bacterial SSBs, RPA binds 
ssDNA via hydrophobic base stacking interactions and phosphate backbone-mediated 
ionic contacts (17,32,63). 
The structure of RPA (Figure 1.3 and 1.7A) lacks the C-terminal element observed in 
simple SSBs such as EcoSSB. However, through multiple sites on the DBD-E and 
DBD-F OB domains occupying the RPA70 and RPA32 subunits, it has retained the 
ability to mediate protein-protein interactions significant to its role in genome 
maintenance. Additionally, DBD-E on RPA14 plays an essential role in stabilising the 
overall structure of this complex (16).
Human RPA (hRPA) also contains a zinc finger motif not seen in simple SSBs. This 
appears to provide an additional level of regulation to the initial binding step of RPA-
ssDNA binding under redox conditions and indicates a possibility that RPA can sense 
and respond to certain oxidative stress conditions (64,65). Studies have shown that 
ssDNA binding by RPA is enhanced over 10-fold in reducing conditions compared to 
oxidising conditions (65).  
The DNA binding properties of RPA have been extensively studied and reveal several 
key features. Like its ‘simple’ SSB counterparts, RPA binds ssDNA with a very high 
affinity, double-stranded DNA (dsDNA) with a very low affinity and RNA with a 
moderate affinity (58-60,66,67). Although RPA preferentially binds at 
polypyrimidine-rich sequences rather than polypurine ones, it is unlikely that this 
infers a sequence dependent nature on the binding (67).  
14
Chapter 1: Introduction 
Ruvini Kariawasam – November 2017
The complexity of the OB domain organisation in RPA facilitates a multistep 
interaction process with ssDNA, where the binding is significantly dependent on the 
length of the ssDNA sequence. RPA binds ssDNA using the DNA binding cleft in the 
OB domains. However, unlike the pre-formed tetramer seen in EcoSSB, RPA aligns 
the OB domains in a sequential manner along the ssDNA as well as binds with a 
defined polarity, positioning RPA70-A at the 5ʹ end and RPA70-C at the 3ʹ end of the 
ssDNA ligand (32,68).  
Two binding modes have been observed for the interaction of RPA and ssDNA. These 
differ in the quaternary structure of RPA and the length and affinity of the bound 
ssDNA. In the low affinity mode, DBD-A and DBD-B of RPA-70 first sequentially 
binds an 8-10 nucleotide region along the ssDNA with a Kd of ~ 50 nM.  The ssDNA 
binding of RPA70 A and B together coordinates a conformational change within the 
protein, which then allows for DBD-C to bind the ssDNA, occluding a 28-30 
nucleotide region resulting in a high affinity binding mode with a Kd of ~ 0.05 nM. 
Figure 1.7 Crystal structures of eukaryotic SSB complexes. (A) Structure of 
heterotrimeric RPA that forms upon binding to ssDNA (PDB ID 4GOP). ssDNA shown 
in orange. (B) Structure of hSSB1 in pre-assembled SOSS1 complex (PDB ID 4OWT). 
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This is then followed by the DBD-D from RPA32 binding ssDNA to occlude a full 
final binding site of 28-30 nucleotides (Figure 1.7A) (22,31,32,55,69,70).  
Microscopy studies have allowed for the different binding modes of RPA to be 
visualised as globular, elongated contracted, elongated extended confirmations 
reflecting the different intermediate binding states (55). Additionally, studies have 
found that RPA may function as a bridge by binding multiple ssDNA substrates at the 
same time, which may be a requirement for its role in DNA replication and repair 
(62,71).  
 Two new human SSBs 1.3.3.2
In eukaryotes, the major SSB is the heterotrimer RPA. Extensive studies have 
contributed to the comprehensive structural and functional characterisation of this 
protein to date. In the last 10 years, the protein sequence of archaeal SsoSSB was used 
to mine the human database, which led to the discovery of two new homologous 
human SSBs, human SSB1 (hSSB1) and human SSB2 (hSSB2) (22,72). Interestingly, 
these are structurally more closely related to the bacterial and archaeal SSBs than to 
RPA (22). Furthermore, unlike RPA, they conform to the more ‘simple’ SSB-like 
organisation, with a single OB domain followed by a flexible charged C-terminal 
extension, very similar to SsoSSB (22,29,30).  
It is interesting to note that the OB fold of hSSB1 and 2 has been shown to interact 
with the integrator complex subunit 3 (INTS3), which is simultaneously bound to the 
small SOSSC protein. This assembles into two independent heterotrimeric complexes 
named sensor of single-stranded DNA (SOSS1 and SOSS2) (Figure 1.7B) (73-75). 
This arrangement may in fact represent the ‘complex’ heterotrimeric unit observed for 
RPA, further supported by the similar ssDNA binding affinities seen for both RPA and 
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the SOSS1 complex (75). Furthermore, hSSB1 appears to form homo-tetramers under 
oxidative conditions which is significant to its role in oxidative damage repair 
(26,76,77).   
Structural and functional studies of the hSSBs have thus far been limited primarily to 
hSSB1, which we now know is critical for the stability of our genome. The DNA 
binding mechanism for hSSB1 has been well characterised both biochemically and 
structurally, however we do not yet have the same detail of knowledge for its 
homologue, hSSB2. 
 Human single stranded DNA binding protein 1 (hSSB1) 1.3.3.2.1
The last decade has contributed to the extensive characterisation of the biological 
function of hSSB1 in DNA processing. hSSB1 has been identified to play a critical 
role in the repair of lethal double stranded breaks (DSB) via homologous 
recombination. In order to do this, hSSB1 binds and protects ssDNA via the OB fold 
region, while the C-terminal extension is phosphorylated at T117 by ataxia 
telangiectasia mutated (ATM) kinase to initiate a positive feedback loop in response to 
DSB damage (22). Subsequent studies have shown that hSSB1 forms a distinct 
complex with the main DSB repair complex, MRN (Mre11-Rad51-Nbs1), via the 
Nbs1 component; this complex is essential for the efficient resection of DSBs (27,78).  
The SOSS1 complex on the other hand is involved in stimulating DSB resection by 
human exonuclease 1 as part of homologous recombination-mediated DSB repair 
(73,74,79).  
In addition to forming distinct complexes with MRN and SOSS1, hSSB1 has also been 
shown to form homo-oligomers under oxidative conditions. This oligomerisation is 
crucial for oxidative damage repair (26,76,77). Studies have shown that 
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oligomerisation of hSSB1 is important for the removal of 8-oxoguanine damages, but 
is not required for the removal of DSBs via homologous recombination, indicating a 
regulatory role for hSSB1 oligomerisation. Oxidised hSSB1 has been found to exist in 
multiple oligomeric states in solution, although it is the higher order tetrameric state 
that is actively involved in ssDNA binding (26).  
Besides its role in DNA repair, hSSB1 also regulates the stability and repair of stalled 
replication forks (80) and also plays a role in the maintenance of telomeres (81,82). 
Immunoprecipitation and mass spectrometry studies have also identified putative roles 
for hSSB1 in mRNA metabolism, transcriptional transactions and ribosomal 
processing (11). Consistent with these findings, hSSB1 has been found to associate 
with proteins from the integrator and RNA polymerase II complex, pointing to a role 
in transcriptional termination (83).  
The structure of hSSB1 in the SOSS1 complex, bound (and unbound) to ssDNA was 
recently solved using X-ray crystallography (84).  Close analysis of this structure 
showed ssDNA recognition was mediated mainly by base stacking of two aromatic 
residues (W55 and F78) (84). However, we detected inconsistencies between these 
structural data and results from biophysical solution studies we had conducted. To 
verify and understand these discrepancies, I obtained a solution structure of hSSB1 
bound to ssDNA using a combination of NMR and biophysical methods, which is 
presented in chapter 4 of this thesis. This solution structure of the ssDNA bound 
hSSB1 complex will also allow us to compare the DNA binding mechanisms of the 
simple human SSB to its primitive counterpart, SsoSSB.  
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 Human single stranded DNA binding protein 2 (hSSB2) 1.3.3.2.2
Unlike hSSB1, we have limited biochemical and structural knowledge regarding its 
homologue, hSSB2.  Studies have shown hSSB2 like hSSB1 is involved in DSB repair 
via HR, while participating in the SOSS complexes. In contrast to SOSS1 however, 
SOSS2 is dispensable to this process (22,78).  
While showing overlapping functions, there are some differences in the protein 
sequences between the OB folds and to a larger extent, the C-terminal extensions of 
hSSB1 and hSSB2. This is likely to result in important structural and functional 
differences between the two SSBs, which are yet to be uncovered. 
The large gap in our understanding of the specific role of hSSB2 in DNA metabolism 
hinders our overall comprehension of DNA processing events in the cell. In chapter 4 
of this thesis, I provide a structural insight into the DNA binding mechanism of 
hSSB2. 
To summarise, SSBs from all domains of life display diverse subunit arrangements, 
despite sharing a common structural fold. Regardless, all SSBs still possess the ssDNA 
binding function required for genome maintenance. The differences in domain 
organisation may however impact the specific nature of how SSBs bind ssDNA, which 
may in turn reflect the complexity of the organism and the ability to adapt to certain 
environmental conditions. 
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 Overview 3.1
SSBs are an integral part of maintaining genome integrity across all domains of life by 
binding and protecting exposed ssDNA in cells. A common feature amongst these 
SSBs is the presence of the OB domain which is directly involved in binding ssDNA. 
However, as elaborated in the introduction of this thesis, SSBs from different 
organisms can vary considerably in their domain structure and organization. 
Eukaryotic RPA shows a complex domain organisation, with multiple OB domains on 
three separate subunits forming a heterotrimeric protein upon binding to ssDNA. Some 
bacterial SSBs, on the other hand (e.g., EcoSSB), show a simple domain structure with 
a single OB domain per subunit, but shows added complexity through forming a pre-
assembled homotetrameric quaternary structure. The SSB from crenarchaeal 
Sulfolobus solfataricus (SsoSSB) has a simple domain organization, similar to 
bacterial SSBs However, in-vitro biochemical studies have shown, unlike bacterial 
SSBs, SsoSSB exists as a monomer in solution (85).  
The structure of the OB domain of SsoSSB has been solved by X-ray crystallography 
(29), and shows an OB fold similar to RPA70 DBD-A and C-terminal extension 
similar to EcoSSB. The close structural similarity between the human and 
crenarchaeal protein is further evidence to the close phylogenetic relationship between 
the archaeal and eukaryotic domains of life. This relationship has permitted the study 
of simple archaeal systems to shed light on less tractable and more complex human 
systems at both a structural and functional level. Consistent with this idea, two novel 
human SSBs (hSSB1 and hSSB2) show ~ 55% sequence similarity with the SsoSSB 
protein sequence in addition to displaying a ‘simple’ domain structure. Thus, there is a 
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high expectation that SsoSSB will show structural, and perhaps mechanistic, 
similarities with its simple human counterparts.  
High-resolution structures are available for OB domains of RPA, EcoSSB (23) and 
DraSSB (86) bound to ssDNA. Recently, the crystal structure of hSSB1 bound to 
ssDNA has been published (84). However, no structures of SsoSSB-DNA complexes 
have been solved before the commencement of this thesis. In this chapter, I present 
three publications that collectively reveal the structural basis of ssDNA recognition by 
SsoSSB; I have mapped out the DNA binding interface of SsoSSB and solved the 
complex structure of SsoSSB bound to ssDNA. Furthermore, I have contributed to 
showing that SsoSSB also binds RNA with high affinity and with a similar binding 
mechanism to ssDNA.  
Paper 1 presents the 15N-HSQC NMR spectrum of the SsoSSB OB domain (residues 
1-114) in complex with ssDNA. This was used to map the DNA binding interface 
based on the weighted chemical shift change of the peaks involved in binding. Here I 
show that ssDNA binds in a small hydrophobic cleft lined by 3 aromatic residues 
(W56, W75 and Y79). This interaction is likely to be mediated by a base-stacking 
mechanism involving these residues, similar to human RPA which utilises two of the 
three conserved aromatics (W56 and Y79). 
Paper 2 verifies and provides in-depth molecular details of SsoSSB DNA binding by 
solving the solution NMR structure of SsoSSB in complex with ssDNA. Consistent 
with previous studies, we found that SsoSSB is monomeric and binds ssDNA with a 
footprint of ~5 nucleotides. Triple resonance NMR studies showed 49 intermolecular 
NOEs between the protein and DNA with 39 of them involving the three conserved 
aromatic residues in the binding cleft. This complex structure also confirmed that 
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these aromatic residues displayed a base stacking arrangement with the DNA bases, 
significant to the overall binding. Paramagnetic enhancement (PRE) NMR 
experiments revealed that SsoSSB binds ssDNA in a defined 5′ to 3′ binding 
orientation, which is similar to the vast majority of OB domains with the exception of 
EcoSSB. 
Paper 3 demonstrates a role for SsoSSB in binding RNA with high affinity. This is 
likely a derived feature of SSBs from hyperthermophiles like Sulfolobus to protect 
RNA under extremely high temperature and high acidity conditions. We have 
established that SsoSSB binds ssDNA and ssRNA with similar affinity and kinetics 
with no major structural differences between DNA and RNA recognition. 
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Abstract Single stranded DNA binding proteins (SSBs)
are present in all known cellular organisms and are critical
for DNA replication, recombination and repair. The SSB
from the hyperthermophilic crenarchaeote Sulfolobus sol-
fataricus (SsoSSB) has an unusual domain structure with a
single DNA-binding oligonucleotide binding (OB) fold
coupled to a flexible C-terminal tail. This ‘simple’ domain
organisation differs significantly from other known SSBs,
such as human replication protein A (RPA). However, it is
conserved in another important human SSB, hSSB1, which
we have recently discovered and shown to be essential in
the DNA damage response. In this study we report the
solution-state backbone and side-chain chemical shift
assignments of the OB domain of SsoSSB. In addition,
using the recently determined crystal structure, we have
utilized NMR to reveal the DNA-binding interface of
SsoSSB. These data will allow us to elucidate the structural
basis of DNA-binding and shed light onto the molecular
mechanism by which these ‘simple’ SSBs interact with
single-stranded DNA.
Keywords Sulfolobus solfataricus  SSB  OB domain 
DNA repair  NMR
Biological context
Single stranded DNA binding proteins (SSBs) are present
in all known cellular organisms (Mushegian and Koonin
1996) as well as in many viruses (Sun and Shamoo 2003;
Newport et al. 1981). They are essential for DNA metab-
olism (Flynn and Zou 2010; Richard et al. 2009), such as
DNA replication and recombination (Wold 1997; Meyer
and Laine 1990) and the repair of DNA damage (Iftode
et al. 1999). More recently, a possible role of these proteins
in the modulation of RNA metabolism in viruses has been
revealed (Shi et al. 2013).
A common evolutionary feature of the SSB protein
family is the presence of a conserved oligonucleotide
binding (OB) domain (five-stranded bent antiparallel
b-sheet that forms a closed b-barrel) which is able to bind
ssDNA with high affinity (Murzin 1993; Suck 1997). The
SSB protein from the crenarchaeote Sulfolobus solfataricus
(SsoSSB) has a single OB fold followed by a flexible
C-terminal region that is not involved in DNA binding
(Wadsworth and White 2001). This domain organisation is
similar to the SSB from Escherichia coli (EcoSSB) (Loh-
man and Ferrari 1994; Raghunathan et al. 2000), however,
EcoSSBs occur as homo-tetramers, whereas SsoSSB is a
monomer (Cubeddu and White 2005). In contrast, the
known human SSB, replication protein A (RPA), is hetero-
trimeric and contains six OB folds, four that are responsible
for ssDNA binding and two that facilitate protein interac-
tions (Bochkarev et al. 1999; Bochkarev et al. 1997).
The structure of the OB domain of the crenarchaeote
S. solfataricus (SsoSSB) was previously solved by X-ray
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crystallography (Kerr et al. 2003). The structure revealed
an unexpected similarity to the DNA-binding domains of
human RPA, providing confirmation of the close relation-
ship between SSBs from archaea and eukaryotes. SsoSSB
is able to melt normal and damaged duplex DNA in vitro,
and interacts with a number of known or putative DNA
repair and transcription proteins, supporting a role for
SsoSSB in the detection of DNA damage in vivo (Cubeddu
and White 2005; Richard et al. 2004).
Recently, using the SsoSSB sequence as a template to
mine the human database, we discovered two new human
SSBs (named hSSB1 and hSSB2) and revealed that one of
them (hSSB1) is critical for the DNA damage response in
humans (Richard et al. 2008). Surprisingly, in contrast to
RPA, both of these new SSBs are monomeric under
reducing conditions and have a ‘simple’ domain organi-
sation with only one OB domain and a flexible C-terminal
tail in analogy to SsoSSB. This, together with the fact that
there is a *55 % sequence similarity between the OB
domains of human SSBs and SsoSSB, indicates that their
DNA-binding properties are either highly similar or
potentially entirely conserved. However, due the lack of
any structural information, the molecular details of how
these SSBs bind DNA have so far not been established.
In this study, we present the solution-state backbone and
side-chain assignments of the SSB from S. solfataricus at pH
6.0 as an initial step towards solving the structure of a com-
plex with ssDNA by NMR spectroscopy. We also show
HSQC data of 15N-labeled SsoSSB in the presence of ssDNA
(6T) revealing the DNA-binding interface. These data in
combination with further NMR experiments will allow us to
elucidate the detailed atomic level mechanisms of the inter-
action of these ‘simple’ SSBs with single-stranded DNA.
Methods and experiments
Protein cloning and expression
In previous work (Kerr et al. 2003) the structure of SsoSSB
was determined by X-ray crystallography using a truncated
version of the protein (digested by trypsin) encompassing
residues 1–114 which contains the entire OB domain.
Three additional arginines were added to the C-terminus to
increase solubility. This construct was optimized for
expression in E. coli and commercially obtained from
GENEART (Regensburg, Germany). The optimized con-
struct (SsoSSB 1–117) was cloned into pET28C (without
Fig. 1 15N-HSQC spectrum of
SsoSSB OB domain (1–114
with three additional arginines,
*1.0 mM) showing backbone
and side-chain amide
resonances. The spectrum was
recorded at a proton resonance
frequency of 800 MHz at 298 K
in 10 mM sodium phosphate pH
6.5, 50 mM NaCl
R. Gamsjaeger et al.
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any expression tags) using the restriction enzymes NcoI
and BamHI and expressed and purified as described pre-
viously (Wadsworth and White 2001). Briefly, protein
expression was induced by addition of 0.2 mM IPTG at
37 C for 16 h. Cells were lysed by sonication in 20 mM
Tris–HCl, pH 7.0, 500 mM NaCl, 1 mM EDTA, 1 mM
DTT, 0.5 mM PMSF, 0.1 % Triton X-100, and the super-
natant was heated to 70 C for 30 min in a water bath to
denature the majority of proteins present in the bacterial
cells. Following centrifugation, the supernatant was diluted
twofolds with buffer A (20 mM Tris–HCl pH 7.0, 1 mM
EDTA, 1 mM DTT) and applied to a HiTrap HP Heparin
(2 9 5 ml tandem, GE) column equilibrated with buffer B
(20 mM Tris–HCl pH 7.0, 100 mM NaCl, 1 mM EDTA,
1 mM DTT). A 500 ml linear gradient comprising
100–1,000 mM NaCl was used to elute cationic proteins.
Fractions corresponding to a distinct absorbance peak were
analysed by SDS-PAGE, pooled, concentrated and loaded
onto a Superdex-75 gel filtration column in NMR buffer:
50 mM NaCl, 10 mM sodium phosphate, pH 6.0. 15N- and
15N13C-labeled SsoSSB were prepared using the procedure
of (Cai et al. 1998) in a 5-L biofermentor and purified as
described above. Protein concentrations were determined
using the absorbance at 280 nm and the theoretical molar
extinction coefficient for SsoSSB.
NMR spectroscopy and data processing
NMR experiments were carried out using 0.8–1.5 mM
SsoSSB in NMR buffer with 10 % D2O. Proton chemical shifts
were referenced to 4,4-dimethyl-4-silapentanesulfonic acid
(DSS) at 0 ppm. 13C and 15N chemical shifts were referenced
indirectly to the same signal. NMR experiments were recorded
at 298 K on either a Bruker 600 or 800 MHz spectrometer
(Bruker Avance III) equipped with 5 mm TCI cryoprobes. The
spectra recorded included 15N-HSQC, 13C-HSQC, CBCA
(CO)NH, HNCACB, HNCO, HN(CA)CO, CC(CO)NH
TOCSY, HCC(CO)NH TOCSY and (H)CCH-TOCSY. The
Fig. 2 a Section of the 15N HSQC spectrum of *1 mM SsoSSB
alone (black) and a 1:1 mixture of SsoSSB and ssDNA (6T, red).
Assignments and directions of movement are indicated. b Weighted
backbone chemical shift changes of HN and N, (Ayed et al. 2001) for
SsoSSB upon binding to ssDNA. Residues exhibiting changes larger
than the average (binding residues) are coloured in salmon. c and
d Cartoon (c) and space-filling representation (d) of the crystal
structure of SsoSSB (PDB 1O7I) with binding residues coloured in
salmon (in analogy to b). Note that the ssDNA binds in a small cleft
on SsoSSB lined by three aromatics residues (W56, W75 and Y79)
Backbone and side-chain 1H, 13C and 15N resonance assignments
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chemical shifts of DNA-bound 15N-SsoSSB were unambigu-
ously determined by stepwise adding 0.3, 0.6, 0.9 and 1
equimolar amounts of single-stranded 6T DNA (purchased
from Sigma-Aldrich). Data were processed using Topspin
(Bruker Biospin) and assignments were made using Sparky
(T. D. Goddard and D. G. Kneller, University of California at
San Francisco).
Assignments and data deposition
The SsoSSB construct used containing the entire OB
domain has 114 residues (1–114) as well as three additional
arginines (see methods and experiments). Figure 1 shows
the 15N HSQC spectrum of this folded protein domain. All
main chain atoms with the exception of the first methionine
(methionine 1), all prolines as well as the 1Ha atom of
serine 104 (99.5 % completeness) and all side-chain atoms
(100 % completeness) were assigned. The chemical shifts
of the SsoSSB OB domain have been deposited in the
BioMagResBank (http://www.bmrb.wisc.edu) under the
accession number 19095.
We have mapped the DNA-binding interface of SsoSSB
onto the existing crystal structure (Fig. 2). Figure 2a
depicts a portion of a 15N-HSQC spectrum of 15N-labeled
SsoSSB in the presence (red) and absence (black) of single-
stranded DNA consisting of six thymines. We have pre-
viously found that the DNA-footprint is between 5 and 6
bases (Kerr et al. 2003). Calculation of weighted chemical
shift changes (Ayed et al. 2001) upon binding to DNA
(Fig. 2b) and mapping these changes onto the known
structure (Fig. 2c) reveals that the DNA binds in a small
hydrophobic cleft which is lined by three aromatic resides
(W56, W75 and Y79). These data suggest that the inter-
action with DNA is most likely modulated by a base-
stacking mechanism of these three residues similar to
human RPA which utilizes two of the three corresponding
aromatics (W56 and Y79) (Bochkarev et al. 1997). How-
ever, further structural analysis using NMR will provide
the exact molecular details of DNA-binding of SsoSSB in
the near future.
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Canonical single-stranded DNA-binding proteins (SSBs) from
the oligosaccharide/oligonucleotide-binding (OB) domain family
are present in all known organisms and are critical for
DNA replication, recombination and repair. The SSB from
the hyperthermophilic crenarchaeote Sulfolobus solfataricus
(SsoSSB) has a ‘simple’ domain organization consisting of a
single DNA-binding OB fold coupled to a flexible C-terminal
tail, in contrast with other SSBs in this family that incorporate
up to four OB domains. Despite the large differences in the
domain organization within the SSB family, the structure of the
OB domain is remarkably similar all cellular life forms. However,
there are significant differences in the molecular mechanism of
ssDNA binding. We have determined the structure of the SsoSSB
OB domain bound to ssDNA by NMR spectroscopy. We reveal
that ssDNA recognition is modulated by base-stacking of three
key aromatic residues, in contrast with the OB domains of human
RPA and the recently discovered human homologue of SsoSSB,
hSSB1. We also demonstrate that SsoSSB binds ssDNA with
a footprint of five bases and with a defined binding polarity.
These data elucidate the structural basis of DNA binding and
shed light on the molecular mechanism by which these ‘simple’
SSBs interact with ssDNA.
Key words: base-stacking, NMR, OB domain, single-stranded
DNA-binding protein, Sulfolobus solfataricus.
INTRODUCTION
Canonical single-stranded DNA-binding proteins (SSBs)
that are characterized by the presence of a conserved
oligonucleotide/oligosaccharide-binding (OB) fold occur in
all known organisms [1] and are essential for important
DNA metabolic processes [2,3] such as DNA replication and
recombination [4,5], the DNA damage response [6], archaeal
transcription initiation [7] and the modulation of RNA metabolism
in viruses [8]. The conserved OB domain (five-stranded
antiparallel β-sheet coiled to form a closed β-barrel) is able to
bind ssDNA non-specifically and with high affinity [9,10].
Both the number and the organization of the OB domains within
this SSB family can vary significantly. For example, the well-
characterized human SSB, replication protein A (RPA) [11,12] is
heterotrimeric and contains six OB folds, two that mediate subunit
interactions and four that are involved in ssDNA binding. The SSB
from the radiation-resistant bacterium Deinococcus radiodurans
(DrSSB) is a homodimer, with each monomer consisting of
two OB domains [13], whereas the SSB from Escherichia coli
(EcoSSB) [14,15] instead exists as homotetramer, with each
subunit consisting of only one OB domain. Similarly, the SSB
from the crenarchaeote Sulfolobus solfataricus (SsoSSB) has a
single OB fold followed by a flexible C-terminal tail that is not
involved in DNA binding [16]. More recently, two new human
SSBs from the OB domain family (hSSB1 and hSSB2) have been
identified based on protein sequence similarity to SsoSSB and
have been described and studied [17–19].
High-resolution structures are available for OB domains of
RPA [12], EcoSSB [15], DrSSB [13] and hSSB1 [20], all in
complex with ssDNA, whereas the structure of the OB domain
from SsoSSB has been solved by X-ray crystallography [21].
Despite the large differences in the domain organization within
the SSB family, the structure of individual OB domains remains
remarkably similar in all cellular life forms. However, there
are significant differences in the molecular mechanism of DNA
binding. Although base-stacking is central to DNA recognition for
all OB domain proteins, the number and type of aromatic residues
that are utilized varies considerably. Furthermore, significant
differences in the make-up of the DNA binding interface (e.g.,
hydrogen bonds, electrostatic interactions) exist within the OB
domain protein family.
In the present study, we have determined the structure of the
OB domain of SsoSSB in complex with ssDNA using NMR
Abbreviations: BLI, BioLayer Interferometry; DrSSB, SSB from Deinococcus radiodurans; EcoSSB, SSB from Escherichia coli; hSSB, human SSB;
MALLS, multi-angle laser light-scattering; OB, oligonucleotide/oligosaccharide-binding; PRE, paramagnetic resonance enhancement; RPA, replication
protein A; rpHPLC, reverse-phase HPLC; SSB, single-stranded DNA-binding protein; SsoSSB, SSB from Sulfolobus solfataricus; TEAA, triethylammonium
acetate.
1 Correspondence may be addressed to either of these authors (email r.gamsjaeger@uws.edu.au or l.cubeddu@uws.edu.au).
2 Present address: School of Health and Science, University of Western Sydney, Penrith, NSW 2751, Australia.
The structural co-ordinates for the OB domain of Sulfolobus solfataricus single-stranded DNA-binding protein bound to ssDNA has been deposited in
the RCSB PDB under code 2MNA.
The backbone and side-chain 1H, 13C and 15N resonance assignments of the OB domain of Sulfolobus solfataricus single-stranded DNA-binding protein
bound to ssDNA has been deposited in the BMRB Database under code 19095.
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spectroscopy. We reveal that in contrast with the human SSBs
(RPA and hSSB1), ssDNA recognition is modulated by base-
stacking of three instead of two aromatic residues. Using multi-
angle laser light-scattering (MALLS), cross-linking experiments
and NMR, we unequivocally demonstrate that SsoSSB is a
monomer in solution and recognizes ssDNA as a monomer with
a footprint of five bases. Finally, using paramagnetic resonance
enhancement (PRE) we show that SsoSSB binds ssDNA in a
defined binding polarity.
EXPERIMENTAL
Recombinant protein expression
For MALLS experiments, full-length recombinant SSB
(SsoSSB1–148) from S. solfataricus was prepared and purified as
described previously [16]. For all other experiments (including
the mutational analysis) a shortened optimized version of the
full-length protein encompassing residues 1–114 (containing
the entire OB domain) with three additional arginine residues (for
improved purification) was used (SsoSSB1–114) [22] and purified
in the same manner as the full-length version [16]. Briefly, protein
expression was induced in E. coli grown at 37 ◦C to an attenuance
of 0.6 (at 600 nm) by addition of 0.2 mM IPTG. Cells were
grown for a further 3 h and were then lysed by sonication in
20 mM Tris/HCl, pH 7.0, 500 mM NaCl, 1 mM EDTA, 1 mM
DTT, 0.5 mM PMSF and 0.1% Triton X-100, and the supernatant
was heated to 70 ◦C for 30 min in a water bath to denature the
majority of proteins present in E. coli. Following centrifugation,
the supernatant was diluted 5-fold with buffer A (20 mM Tris/HCl
pH 7.0, 1 mM EDTA and 1 mM DTT) and applied to a HiTrap HP
heparin (2 × 5 ml tandem, GE Healthcare) column equilibrated
with buffer B (20 mM Tris/HCl pH 7.0, 100 mM NaCl, 1 mM
EDTA and 1 mM DTT). A 500 ml of linear gradient comprising
100–1000 mM NaCl was used to elute cationic proteins. Fractions
corresponding to a distinct absorbance peak were analysed by
SDS/PAGE, pooled, concentrated and loaded on to a Superdex
75 gel size-exclusion chromatography column in NMR buffer
(50 mM NaCl and 10 mM phosphate, pH 6.0). 15N- and 15N/13C-
labelled SsoSSB1–114 were prepared using the procedure of [23]
in a 5 litre biofermentor and purified as described above. Protein
concentrations were determined using the absorbance at 280 nm
and the theoretical molar absorption coefficient for SsoSSB1–114.
Multi-angle laser light scattering (MALLS)
Size-exclusion chromatography coupled to MALLS was carried
out as described previously [24] in Tris buffer (25 mM
Tris/HCl, 100 mM NaCl, 1 mM DTT and 1 mM EDTA,
pH 7.5) for the full-length SsoSSB and NMR buffer for the
OB domain. Briefly, SsoSSB1–148 (250, 500 and 750 μg) and
SsoSSB1–114 (500 μg) respectively were applied to a Superose
12 (10/300) size-exclusion column (GE Healthcare) at 0.5 ml/
min. MALLS was measured in tandem with size-exclusion
chromatography using a MiniDawn solid-state laser diode (Wyatt)
measuring at three different angles (41.5◦, 90◦ and 138.5◦) at a
wavelength of 690 nm. Monomeric BSA (66 kDa) was used as
a reference to determine the molecular mass of the target protein.
Glutaraldehyde cross-linking
Chemical cross-linking of full-length SsoSSB1–148 protein
with glutaraldehyde was carried out essentially as described
previously [16,25]. The following ssDNA oligonucleotides
were used: 7-mer: 5′-TTTTTTT-3′, 10-mer: 5′-TTTTTTT-
TTT-3′, 14-mer: 5′-GTACCAGCATGAAC-3′, 21-mer: 5′-CC-
GATGACCAGCATGAACTTA-3′, 39-mer: 5′-CGGGATACT-
CCGAGTACCAGCATGAACTTAGCACCGAGG-3′, 61-mer:
5′-GCCAATAGGTTCGGGATACTCCGAGTACCAGCATGA-
ACTTAGCACCGAGGGTTC-3′. Briefly, SSB (5 μM) was
incubated in the presence or absence of oligonucleotides at
the SsoSSB1–148/DNA molar ratios stated, in a 500 μl of final
volume of buffer (50 mM phosphate, pH 7.6, and 50 mM NaCl)
for 10 min at 20 ◦C. After addition of 20 μl of glutaraldehyde
(25% (w/v)) and incubation for 2 min at 20 ◦C, the reaction
was quenched by the addition of 25 μl of NaBH4 (2 M in 0.1 M
NaOH, freshly prepared), and incubation at 20 ◦C for a further
20 min. Protein was precipitated and analysed as described
previously [16].
BioLayer Interferometry (BLI)
SsoSSB1–114 mutational analysis was carried out using a set of
eight protein concentrations (2.5, 1.25, 0.625, 0.5, 0.312, 0.25,
0.125 and 0.062 μM). Proteins were bound to a 5′ biotinylated
ssDNA oligonucleotide (5′-AAATTTTTT-3′) in triplicate, using
the BLItz system (ForteBio). Streptavidin biosensors (ForteBio)
were equilibrated in BLI buffer (20 mM Hepes and 100 mM NaCl,
pH 7) for 24 h prior to use. For each individual binding curve, an
initial baseline was performed (30 s), followed by the binding of
the oligonucleotide to the biosensor until saturation (60 s). Two
further baselines (30 s each) were carried out to transition from
BLI buffer to NMR buffer. Each construct (in NMR buffer) was
allowed 60 s for association, followed by a 60 s dissociation step.
Dissociation constants were calculated using the advanced kinetic
functionality of the BLItz software using a standard 1:1 Langmuir
binding model.
NMR spectroscopy and data processing
NMR experiments were carried out using 0.8–1.5 mM
SsoSSB1–114 in NMR buffer with 10% 2H2O and 1:1 complexes of
SsoSSB1–114 with 6T ssDNA at the same concentrations. Mutant
SsoSSB1–114 proteins were prepared at concentrations between
50 μM and 200 μM. Proton chemical shifts were referenced to
4,4-dimethyl-4-silapentanesulfonic acid (DSS) at 0 p.p.m. 13C
and 15N chemical shifts were referenced indirectly to the same
signal. All NMR experiments were recorded at 298 K or 330
K on a Bruker 400, 600 or 800 MHz spectrometer (Bruker
Avance III) equipped with 5-mm TCI cryoprobes. The spectra
recorded included 1D, 2D 15N-HSQC, 2D 13C-HSQC (aliphatic
and aromatic), 3D CBCA(CO)NH, 3D HNCACB, 3D HNCO, 3D
HN(CA)CO, 3D CC(CO)NH TOCSY, 3D HCC(CO)NH TOCSY,
and 3D (H)CCH-TOCSY. NOE-derived distance restraints were
obtained from 3D 15N-NOESY and 3D 13C-NOESY (aliphatic
and aromatic), intermolecular NOEs were obtained from 3D
15N/13C-filtered (F1) NOESY (aliphatic and aromatic) and ssDNA
assignments were based on 2D 15N/13C-filtered NOESY. All data
were processed using Topspin (Bruker Biospin) and assignments
were made using Sparky (T.D. Goddard and D.G. Kneller,
University of California, San Francisco, San Francisco, CA,
U.S.A.).
Structure calculations
Initial structures of ssDNA-bound SsoSSB1–114 protein were
calculated using ARIA 1.2 [26] implemented in CNS 1.3 [27,28],
using the standard protocols provided, with the pre-assigned
intermolecular NOEs present. Final assignments made by ARIA
1.2 were checked manually and corrected where necessary. The
c© The Authors Journal compilation c© 2015 Biochemical Society 35
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Figure 1 SsoSSB sequence information
Sequence alignment of SsoSSB as well as the OB domains from hSSB1, hSSB2 and RPA70B. Grey shaded residues indicate high similarity. Boxed residues and residues in bold indicate aromatic
residues that base-stack with ssDNA and residues involved in hydrogen bonding with ssDNA respectively.
lowest-energy structure of 10000 calculated structures of the final
stage (it8) was used as input for HADDOCK [29,30], together
with a model of ssDNA (6T) constructed in silico using the
structure of the ssDNA within the complex structure of RPA70
DBD-B [12] as a template. SsoSSB1–114 residues 27–44, 50–58
and 74–92 were defined as semi-flexible based on our NMR
data and all six thymines of the ssDNA were defined as semi-
flexible and flexible. Forty-eight ambiguous interaction restraints
(AIRs) for both the protein and the DNA were chosen based on
our NMR data, our mutant data and the intermolecular NOEs
between the three aromatic residues (Trp56, Trp75 and Phe79) and
ssDNA bases THY2, THY3 and THY5 and fixed at 2 Å (1
Å = 0.1 nm). All unambiguous interaction restraints (UIRs) that
were used in the final stage of the ARIA calculations were used
as input in HADDOCK, together with a total of 49 intermolecular
NOEs. Additional restraints to maintain base planarity between
the three aromatic residues (Trp56, Trp75 and Phe79) and ssDNA
bases THY2, THY3 and THY5 were additionally used in the
calculations. The ten conformers with the lowest value of total
energy were analysed and visualized using MOLMOL [31],
PyMOL (http://www.pymol.org) and PROCHECK-NMR [32].
The family of structures has been deposited into the RCSB PDB
and BMRB Database (PDB code 2MNA, BMRB code 19095).
PRE-labelled ssDNA and NMR
To synthesize nitroxide spin-labelled ssDNA [5′-G(-
PRE)GTTTTTT-3′] a 1 mM solution of phosphorothioate
oligonucleotide in water (300 μl, 300 nmol) was mixed with
300 μl of 100 mM triethylammonium acetate (TEAA, pH 6.5)
and 300 μl of a 10 mM solution of 3-(2-iodoacetamidomethyl)-
PROXYL in dimethylformamide (DMF) (3 μmol, ten
equivalents). The mixture was incubated at 50 ◦C in a heating
block for 8 h. After this time the mixture was freeze-dried and
re-dissolved in 2 ml of 100 mM TEAA (pH 6.5) and purified by
reverse-phase HPLC (rpHPLC) on a GBC HPLC system using
a Phenomenex Jupiter C18 column (10 μm, 300 Å, 250 mm ×
15 mm) and gradient of 0–15% B over 5 min and then 15–40%
B over 25 min at 3 ml/min (solvent A: 100 mM TEAA, pH 6.5,
and solvent B: 80% acetonitrile + 20% 100 mM TEAA
pH 6.5) with UV detection at 260 nm (oligonucleotide detection)
and 230 nm (PROXYL detection). Fractions were analysed by
MALDI–MS. Fractions containing the labelled oligonucleotide
were mixed and lyophilized. HPLC purified oligonucleotides
still contained traces of TEAA and were desalted using a
PD10 column or by size-exclusion chromatography in NMR
buffer and concentrated using Centricons (Pall, Microsep
1000 kDa molecular-mass cut-off). For the reduced version of
the PROXYL-labelled oligonucleotide, the same procedure was
followed with the exception that after reacting the oligonucleotide
with the PROXYL reagent for 8 h, sodium dithionite was added
immediately (50 mg, 300 μmol) and left to react for 15 min
at room temperature, after which the mixture was filtered,
freeze-dried and purified by rpHPLC and desalted by PD10 or
size-exclusion chromatography as above. Note, that the two
synthesized stereoisomers (the PRE label is linked to the ssDNA
via a chiral phosphorothioate) were not separated. 15N-HSQC
spectra of a 1:1 mixture of SsoSSB1–114 and DNA labelled with
the oxidized (paramagnetic) or reduced (diamagnetic) PRE label
respectively were recorded. 1HN-PRE rates (2) were determined
from the peak heights for diamagnetic and paramagnetic samples
respectively using two-timepoint 15N-HSQC experiments [33].
RESULTS
SsoSSB is monomeric and binds ssDNA as a functional monomer
with a footprint of approximately five bases
SSB from Bacteria, Archaea and Eukarya are oligomers in
solution, with four OB domains organized for ssDNA binding.
Due to the identical domain organization of SsoSSB and EcoSSB,
it was suggested that SsoSSB would also adopt a tetrameric
conformation to interact with ssDNA [34]; however, the crystal
structure of the OB domain of SsoSSB (for sequence information,
please refer to Figure 1) indicates a monomeric protein structure
[21].
To determine the oligomeric state of SsoSSB in solution we
employed tandem size-exclusion chromatography and MALLS
(Figure 2). The observed MALLS peaks of full-length SsoSSB
(SsoSSB1–148, Figure 2A) corresponded to the theoretical size of
a single molecule (Figure 2A). The protein is a monomer over
a wide range of concentrations as seen from Figure 2(A). Size-
exclusion chromatography carried out under the same conditions
(Figure 2A, inset) revealed a single monomeric peak in good
agreement with our MALLS data. We also carried out MALLS
on the OB domain of SsoSSB (SsoSSB1–114) under conditions used
in the NMR experiments (see below) yielding a molecular mass
of 13 kDa (Figure 2B) corresponding to one protein molecule.
These data clearly demonstrate that both full-length SsoSSB and
SsoSSB OB domain are monomeric in solution.
c© The Authors Journal compilation c© 2015 Biochemical Society 36
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Figure 2 Tandem size-exclusion chromatography–MALLS data of SsoSSB
Size-exclusion chromatography (Superose 12 column) traces of different amounts of SsoSSB
full-length protein (SsoSSB1–148) in Tris buffer (A) and SsoSSB OB domain (SsoSSB1–114) as
well as BSA (as control) in NMR buffer (B), respectively, monitored by absorbance at 280 nm
(A 280, line) and MALLS (dots). Corresponding molecular masses and protein amounts used are
indicated. Note that both SsoSSB1–114 and SsoSSB1–148 exist solely as monomers. Inset in (A):
size-exclusion chromatography (Superdex 75 column) trace of SsoSSB1–148 recorded in Tris
buffer.
Next, to determine stoichiometry and arrangement of full-
length SsoSSB molecules upon binding to ssDNA, we performed
chemical cross-linking using glutaraldehyde (Figure 3 and
Supplementary Figure S1). In the absence of ssDNA, SsoSSB1–148
cross-linking yields monomeric protein, with only very small
amounts of dimeric species sometimes present (Figure 3), in good
agreement with our MALLS data (Figure 2). SsoSSB1–148 was also
incubated with ssDNA oligonucleotides of various lengths, prior
to cross-linking (Figure 3A). Addition of a 7-mer oligonucleotide
gave cross-linked species essentially identical with the protein
control, demonstrating as expected that only one SsoSSB1–148
molecule can bind to one oligonucleotide molecule. With a 10-
mer oligonucleotide, an increased proportion of two cross-linked
SsoSSB1–148 monomers was observed, consistent with a protein
binding site of between four and six nucleotides. Similarly, a 14-
mer oligonucleotide supported binding of two or three SsoSSB1–148
monomers, and a 21-mer oligonucleotide gave rise to a mixture
of three and four cross-linked SsoSSB1–148 monomers. Thus, full-
length SsoSSB appears to bind ssDNA with a step size of 1,
suggesting that, although the protein is a functional monomer in
Figure 3 Glutaraldehyde cross-linking of full-length SsoSSB with ssDNA
(A) Incubation of SsoSSB1–148 with ssDNA oligonucleotides of varying length. Each sample
contains 5 μM SsoSSB1–148 and an oligonucleotide of the indicated length (at concentrations of
5, 2.5, 1.33, 0.25, 0.125, 0.083 μM respectively). A guide to the number of SSBs cross-linked
is shown on the right. Note that the monomeric bands consist of both full-length SsoSSB and
small amounts of truncated OB domain protein. (B) Incubation of SsoSSB1–148 with a large molar
excess (4:1) of DNA over SsoSSB1–148 monomers. The concentration of SsoSSB1–148 used is
5 μM. Note that SsoSSB1–148 monomers distribute evenly along and between oligonucleotides
and are therefore not cross-linked. M, molecular mass.
solution, it is able to assemble by addition of successive monomers
on to ssDNA of increasing length.
Cross-linking was also carried out under conditions where
there was a large molar excess (4:1) of DNA over SsoSSB1–148
monomers (Figure 3B). Under these conditions, few or no cross-
linked SsoSSB1–148 species were observed, showing that almost
all of the protein had bound as monomers to individual ssDNA
strands, regardless of oligonucleotide length. These data suggest
that full-length SsoSSB molecules assemble in a distributive
fashion on ssDNA of increasing length, as protein monomers
readily bind in isolation.
To evaluate ssDNA-binding stoichiometry more stringently,
we carried out cross-linking of SsoSSB1–148 monomers in
the presence of 21-mer and 39-mer oligonucleotides at a
variety of ssDNA/protein ratios (Supplementary Figure S1).
When SsoSSB1–148 was present at a 1:1 molar ratio to DNA
(Supplementary Figure S1, lanes 4 and 7), the expected
large cross-linked SsoSSB1–148 assemblies were observed. Under
conditions where there was a large access of DNA over
SsoSSB1–148 protein (Supplementary Figure S1, lanes 5 and
8), the protein molecules were evenly dispersed across the
oligonucleotides, leading to fewer protein–protein cross-links.
This effect was emphasized by a 32:1 molar excess of DNA over
protein (Supplementary Figure S1, lanes 6 and 9). This result
indicates that the functional binding unit of full-length SsoSSB is
the monomer, and that ssDNA ligands are coated by monomers
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binding in close proximity, with a final stoichiometry of between
four and six nucleotides per monomer.
The structure of a SsoSSB1–114–ssDNA complex reveals molecular
details of DNA recognition
We have recently reported backbone and side-chain chemical
shift assignments of the OB domain (encompassing an additional
three arginine residues for ease of purification) of SsoSSB
(SsoSSB1–114) in solution and have mapped the DNA-binding
interface in a 1:1 complex with ssDNA [22]. SsoSSB1–114
recognizes ssDNA in an identical fashion with that of full-length
SsoSSB (Supplementary Figure S2), confirming that neither the
C-terminal tail (SsoSSB1–148) nor the additional three additional
arginine residues (SsoSSB1–114) are involved in DNA binding. In
an attempt to determine the structure of a SsoSSB1–114–ssDNA
complex we initially recorded 3D filtered NOESY experiments
using ssDNA (consisting of six thymidines) and the OB domain
of SsoSSB at room temperature. However, we were not able to
obtain any intermolecular NOEs under these conditions.
Proteins from S. solfataricus remain functional over a wide
range of temperatures because of the extreme physiological
temperatures that the organism can sustain. To test whether
the OB domain is structurally stable at higher temperatures
we carried out HSQC experiments at 57 ◦C (330 K) in the
absence and presence of ssDNA and recorded the same set of
filtered NOESY experiments as before (Figure 4). As is evident
from Figure 4(A), the SsoSSB1–114 protein is folded correctly
and comparison of the chemical shift perturbations with our
published data [22] revealed that the ssDNA-binding interface
is fully conserved. Importantly, we were able to record a total
of 49 intermolecular NOEs between SsoSSB1–114 and the ssDNA
(Figure 4B) under these experimental conditions. The majority of
these NOEs (34 in total) were observed between residues Trp56,
Trp75 and Phe79 of SsoSSB1–114 and the nucleobase and sugar
protons of THY2, THY3 and THY5 indicating that the interaction
with ssDNA is mediated by the DNA bases stacking with these
three aromatic residues as suggested earlier [22]. In addition,
intermolecular NOEs between Ile30, Thr32, Arg37, Ile39, Thr54 and
Thr77 with both THY3 and THY4 were observed, indicating that
hydrogen bonding and van der Waals interactions play a role in
the recognition of these bases.
To further define the ssDNA-binding interface, we made a
series of SsoSSB1–114 alanine mutants based on our HSQC data
(Figure 4), a sequence alignment between SsoSSB and RPA70
DBD-B [12] (Figure 1) and our previously published model [21].
The ability of each mutant to bind ssDNA was assessed by BLI
(Figures 5A and 5B). All eight mutants were correctly folded
as judged by their 1H NMR spectra (Figure 5C). Figure 5(A)
depicts a summary of all calculated binding dissociation constants,
revealing that all mutants except K52A and S89A significantly
reduced binding (see Figure 5B for representative BLI binding
curve of mutant K90A) underscoring the importance of these
residues for DNA binding. Interestingly, the K52A mutant
exhibits approximately three times stronger binding than the wild-
type protein, mostly due to a decreased koff rate compared with
the wild-type protein.
Next, we used a combination of intermolecular NOEs and
data from our mutational analysis to calculate a structure of a
SsoSSB1–114–ssDNA complex (Table 1, Figure 6). Figure 6(A)
depicts the ten best structures calculated from a total of 2294
intramolecular and 49 intermolecular NOEs (Table 1) and
displayed a backbone RMSD of 0.82 Å (PDB code 2MNA).
The ssDNA-bound SsoSSB1–114 protein exhibits the classical OB
Figure 4 NMR analysis of a SsoSSB OB domain in complex with ssDNA
(6T)
(A) Section of the 15N-HSQC spectrum of SsoSSB1–114 alone (black) and a 1:1 mixture of
SsoSSB1–114 and ssDNA (light grey). Assignments and directions of movement are indicated.
(B) Sections of 3D 15N/13C-filtered (F1) NOESYs (aromatic) showing intermolecular NOEs
between Trp75 and THY2 (left-hand panel) as well as between Trp56 and THY3 (right-hand panel)
respectively.
fold consisting of a closed β barrel that closely resembles the
structure of the free protein (PDB code 1O7I) [21] (RMSD
over all atoms is 1.0 Å). Notably, in contrast with RPA70
DBD-B [11,12], the SsoSSB OB domain does not exhibit a
large conformational change upon ssDNA binding. Overall, the
interaction of SsoSSB1–114 with ssDNA is predominantly mediated
by base-stacking of the three aromatic residues Trp56, Trp75 and
Phe79 (boxed in Figure 1), consistent with the large number of
intermolecular NOEs recorded between these residues and the
ssDNA. Hydrogen bonds observed in at least 50% of the family
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Figure 5 Mutational analysis revealing critical ssDNA-binding residues of SsoSSB1–114
(A) Summary of dissociation constants (+−S.D.) for SsoSSB1–114 and various alanine mutants, for binding to ssDNA, as measured by BLI. (B) A representative BLI binding curve of K90A mutant
(concentrations used are indicated). (C) 1H NMR spectra of SsoSSB1–114 alanine mutants show that each is correctly folded. Spectra were recorded at concentrations between 50 μM and 200 μM at
25◦C.
of ten energy-best structures (Figure 6B, Table 2) were identified
between side-chain protons of Arg28, Arg37, Thr54, Gln84, Asn86
and Lys90 (bold in Figure 1) and base as well as backbone protons
of THY2, THY3, THY4 and THY5. Notably, Lys52 does not form
any hydrogen bonds with the ssDNA and its large bulky side chain
points away from the DNA-binding interface indicating steric
hindrance which might explain the decrease in the dissociation
constant when this residue is mutated to the shorter alanine
(Figure 5A). Furthermore, both THY1 (which is disordered) and
THY6 of the ssDNA do not form any hydrogen bonds with the
protein; however, THY6 makes a polar contact with the oxygen
of the side chain of Gln82. Thus, our structural data reveal that
five DNA bases are required and sufficient for the recognition
of ssDNA which is in good agreement with our cross-linking
experiments (Figure 3 and Supplementary Figure S1).
SsoSSB1–114 binds ssDNA in a defined binding orientation
We have shown that the interaction between SsoSSB1–114 and
ssDNA is strongly mediated by base-stacking of the three aromatic
residues Trp56, Trp75 and Phe79 with the ssDNA bases THY3,
THY2 and THY4 respectively, with some contributions made
by polar residues via hydrogen bonding. Base-stacking does not
confer any directionality on ssDNA binding and, although our
NMR data did not show any evidence for this possibility, it is
at least theoretically conceivable that a second conformer which
binds ssDNA in the reverse direction to that observed in our
structure (i.e. Trp56, Trp75 and Phe79 would base-stack with THY4,
THY5 and THY3 respectively) exists. To confirm that SsoSSB1–114
Table 1 NMR structure statistics
Parameter Value
NMR distance constraints
Intramolecular constraints 2294
Intraresidue 772
Interresidue 1522
Sequential (|i − j| = 1) 576
Medium range (|i − j| 4) 195
Long range (|i − j| > 4) 751
Intermolecular constraints 49
TALOS dihedral constraints
φ 96
ψ 96
Ramachandran analysis (%) (ten structures)
Most favourable region 84.2
Additional allowed region 15.8
Generously allowed region 0
Disallowed region 0
Structure statistics (ten structures, SsoSSB1–114 only, from ARIA)
Violations (mean +− S.D.)
Distance constraints (A˚) (no violations > 0.3 A˚) 0.0146 +− 0.0004
Dihedral constraints (◦) (no violations > 10◦) 1.22 +− 0.02
Deviations from idealized geometry
Bond lengths (A˚) 0.00166 +− 0.00004
Bond angles (◦) 0.323 +− 0.003
Impropers (◦) 0.266 +− 0.010
Average pair-wise RMSD (A˚)
All 0.82
Heavy 0.90
Backbone 0.56
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Figure 6 The SsoSSB1–114–ssDNA complex structure
(A) Overlay of family of 10 SsoSSB1–114–ssDNA complex structures with the lowest total energy in cartoon representation. (B) Cartoon (SsoSSB1–114) and stick (ssDNA) representation of the
lowest-energy complex structure. The three aromatic residues (Trp56, Trp75 and Phe79) that base-stack with the ssDNA, all residues that form hydrogen bonds (black, broken line) as well as all ssDNA
bases are indicated. (C–E) Cartoon representations of SsoSSB1–114 (PDB code 2MNA), RPA70B (PDB code 1JMC) and hSSB1 (SOSSB1, PDB code 4OWX) in complex with ssDNA are shown for
comparison in the same orientation as in (A) and (B). Base-stacking aromatic residues as well as their corresponding bases are depicted as sticks.
binds ssDNA with a specific binding polarity we carried out a
semi-quantitative PRE analysis using the SsoSSB OB domain in
the presence of paramagnetic nitroxide spin-labelled ssDNA [5′-
G(-PRE)GTTTTTT-3′] (Figure 7) (see the Experimental section
for more details). Figures 7(A) and 7(B) depict HSQC spectra of
15N SsoSSB1–114 in complex with labelled ssDNA recorded under
diamagnetic and paramagnetic conditions respectively. The PRE
rate, which is directly related to the decrease in signal intensity
and the distance to the paramagnetic centre was calculated from a
two-timepoint 15N-HSQC experiment [33], plotted as a function
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Figure 7 PRE analysis of the SsoSSB1–114–ssDNA interaction
(A and B) Section of 15N-HSQC spectra of a 1:1 mixture of SsoSSB1–114 and paramagnetic nitroxide spin-labelled ssDNA [5′-G(-PRE)GTTTTTT-3′] under diamagnetic (nitroxide reduced, A) and
paramagnetic (nitroxide oxidized, B) conditions. Note that signals originating from residues that are close to the paramagnetic centre either disappear or are significantly reduced under paramagnetic
conditions (indicated by arrows). (C) 1HN-PRE rates (Γ2) were determined from the peak heights for diamagnetic and paramagnetic samples respectively using two-timepoint 15N-HSQC experiments
[33], and plotted as a function of SsoSSB1–114 amino acids. Note that for visualization purposes, PRE rates from signals of SsoSSB1–114 residues that disappeared entirely were set to 100. (D)
1HN-PRE rates (Γ2) mapped on to the family of SsoSSB1–114–ssDNA complex structures shown as surface representation. Note that residues exhibiting PRE rates larger than the average or 100 (i.e.
within a small distance from the paramagnetic centre, coloured dark-grey as opposed to light-grey) are all found on the side of the protein where the 5′ end of the ssDNA is located (arrows indicate
5′ and 3′ ends in the Figure respectively).
Table 2 Hydrogen bonds
H-atom pair Distance (A˚) Angle (◦)* Number (of ten)
Arg28.HE2–THY5.O2P 2.2 +− 0.1 25 +− 5 7
Arg37.HE–THY3.O2 2.0 +− 0.0 17 +− 6 10
Thr54.OG1–THY4.H3 2.4 +− 0.1 18 +− 5 7
Gln84.HE22–THY5.O4 2.5 +− 0.1 47 +− 1 9
Gln84.OE1–THY5.H3 2.4 +− 0.1 17 +− 3 9
Asn86.HD22–THY4.O4 2.2 +− 0.0 34 +− 2 10
Lys90.HZ3–THY2.O4 2.1 +− 0.0 42 +− 3 5
*Angle between the line from the atom connected to the donor and the donor and the line
from the atom connected to the donor and the acceptor.
of SsoSSB1–114 amino acids (Figure 7C) and mapped on to the
family of SsoSSB1–114–ssDNA complex structures (Figure 7D).
Close inspection of Figure 7(D) reveals that specific SsoSSB1–114
residues exhibiting PRE rates larger than the average (i.e. within
a small distance from the paramagnetic nitroxide spin-label;
coloured dark-grey) are all found on the side of the protein closest
to the 5′ end of the ssDNA where the PRE label is located. These
data unequivocally confirm that a specific DNA-binding polarity
is observed in our SsoSSB1–114–ssDNA structure.
DISCUSSION
The oligomeric state and the ssDNA-binding site of SsoSSB
We have shown that both the full-length (SsoSSB1–148) and OB
domain of SsoSSB (SsoSSB1–114) exist as monomers in solution by
MALLS and that SsoSSB1–114 binds ssDNA with a binding site of
five nucleotides by NMR and chemical cross-linking. Our results
directly contradict reports by Haseltine and Kowalczykowski [34]
who observed SsoSSB dimers and tetramers by analytical gel
filtration. Intriguingly, even at very high concentrations (in the
millimolar range) our NMR experiments (Figure 4A) did not
indicate the presence of any higher oligomers. It is theoretically
possible that SsoSSB is able to form dimers or tetramers upon
binding to DNA. However, our cross-linking data (Figure 3)
revealed that the functional binding unit of full-length SsoSSB is a
monomer and, although ssDNA ligands are coated by monomers
binding in close proximity, ssDNA binding is distributive. This
is in stark contrast with the high degree of co-operativity
seen for EcoSSB [5] but does resemble the initial high-affinity
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8–10 nt binding mode of human RPA70 where ssDNA binding
is facilitated by two DNA OB domains, binding linearly, with no
co-operativity [35].
SsoSSB is the only known cellular SSB from the OB domain
family that functions as a monomer. This allows the protein to
bind efficiently to very short regions of five bases of ssDNA (as
shown by our NMR data). Previous studies have shown that the
intercalating dye ethidium bromide is completely excluded from
ssDNA when it is saturated with SsoSSB [16]. This demonstrates
that SsoSSB can bind ssDNA at a very high density. In contrast,
EcoSSB is a tetramer that wraps 65 nucleotides of DNA in an
intricate arrangement where only 12–20 bases can be closely
associated with the binding sites of the OB folds [15]. Although
being a homodimer, DrSSB assembles as a tetramer and binds
ssDNA in an analogous manner to EcoSSB [13]. Likewise, RPA
has four OB folds, however, ∼30 nucleotide ssDNA are bound in a
kinked conformation [12,35,36]. High-density ssDNA binding by
SsoSSB in increments of only five nucleotides may therefore be
one possible way to adapt to a harsh hyperthermophilic lifestyle
where the integrity of the DNA could be compromised if not
protected accordingly. Notably, other possible modes of DNA
protection that are significantly different from the one described
in the present paper have also been found for SSBs (or putative
SSBs) that are not part of the OB domain family [37,38].
Structural comparison of SsoSSB1–114 bound to ssDNA with other
SSB–ssDNA complexes
The defining feature of the SsoSSB1–114–ssDNA complex structure
is the base-stacking of the aromatic residues Trp56, Trp75 and Phe79
with the ssDNA bases THY3, THY2 and THY4 respectively,
supported by the high number of intermolecular NOEs that we
observed in our NMR experiments. This is in contrast with OB
domains of other known human SSBs, RPA70 DBD-B OB [12]
and hSSB1 OB [20] that utilize two out of the three conserved
aromatic residues (Figure 1) for ssDNA binding. Surprisingly,
despite the high sequence similarity between SsoSSB and hSSB1
and the presence of an aromatic residue in hSSB1 (Tyr74) in
place of Trp75 in the OB domain of SsoSSB (Figure 1), no base-
stacking of this residue with ssDNA was observed in the complex
structure [20] (Figure 6E). However, closer inspection of the
hSSB1–ssDNA crystal structure (PDB code 4OWX) reveals a
possible crystal packing effect with symmetry related molecules
indicating a large network of hydrogen bonds and electrostatic
interactions between the backbone and bases of the ssDNA and
the complex subunit SOSSA [20]. These interactions may have
distorted hSSB1 binding to the ssDNA and could, at least in part,
have caused the differences in ssDNA binding observed between
the SsoSSB and the hSSB1 complex structure.
Further comparison of our structure with both RPA70B–ssDNA
and hSSB1–ssDNA complexes reveals that the conformation of
the ssDNA in the SsoSSB1–114 complex structure closely resembles
the one found in the RPA70–ssDNA structure (Figure 6D).
Additionally, the spacing between the ssDNA bases that base-
stack with the aromatic protein residues is conserved between
SsoSSB and RPA70B, but not hSSB1 (Figure 6E), confirming
that, overall, ssDNA recognition by SsoSSB is more similar to
RPA70B than hSSB1.
The polarity of ssDNA binding by SsoSSB1–114
We have shown by NMR that ssDNA binding by SsoSSB1–114
is strictly unidirectional. Interestingly, the OB folds of both
SsoSSB and the two human proteins (RPA70B and hSSB1) are
oriented identically with respect to the 5′ and 3′ ends of the DNA
(Figures 6C–6E). Indeed, the vast majority of OB domains (with
the exception of, e.g., EcoSSB) have been shown to bind both
ssRNA and ssDNA with the same polarity as observed in our
structure [39]. These data indicate that the orientation of binding
might play an important functional role. Strong support for this
notion exists, for example, in the case of human RPA in the context
of nucleotide excision repair where binding polarity appears to
be crucial for positioning of the excision repair nucleases XPG
and ERCC1-XPF on to the DNA [40]. Furthermore, in the DNA
replication process, RPA has been shown to bind DNA in a
precise molecular polarity in which initial RPA binding occurs
on the 5′ side of a ssDNA substrate, and then extends in the 3′
direction to create a stably bound RPA heterotrimer [41]. Overall,
the orientation in which OB domains recognize their nucleotide
substrates is likely to be crucial for numerous important biological
processes indicating that different OB folds are likely to have
diverged from a common origin.
Conclusion
We have determined the structural basis of ssDNA recognition
by the OB domain of the SSB from S. solfataricus. We have
described the main structural differences and similarities to other
known SSBs, including the well-studied human RPA, and the
recently discovered human homologue of SsoSSB, hSSB1. Our
data has shed light on to the molecular mechanism by which these
‘simple’ SSBs interact with ssDNA.
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Introduction
Single-stranded DNA-binding proteins (SSBs) are essential 
for the genome maintenance of all known cellular organ-
isms (Mushegian and Koonin 1996; Ashton et al. 2013) and 
are present in many viruses (Sun and Shamoo 2003). They 
play a vital role in DNA metabolism (Dickey et al. 2013), 
sequestering and protecting transiently formed ssDNA dur-
ing DNA replication and recombination, melting double-
stranded DNA (dsDNA), and detecting DNA damage and 
recruiting repair proteins (Ashton et  al. 2013; Sun and 
Shamoo 2003; Dickey et  al. 2013; Theobald et  al. 2003; 
Suck 1997). SSBs from the three domains of life share lit-
tle sequence similarity and diverse subunit organisation 
(Dickey et  al. 2013), but a common evolutionary feature 
of the SSB protein family is the oligonucleotide/oligosac-
charide-binding (OB) fold (five-stranded beta-sheet coiled 
to form a closed beta-barrel), which can bind ssDNA with 
high affinity (Theobald et  al. 2003). Although the persis-
tence of the OB fold in all SSBs suggests a common ances-
tor for these proteins (Suck 1997), the organisation of OB 
folds in SSBs varies considerably (Theobald et  al. 2003). 
For example, Escherichia coli SSB (EcoSSB) is a homote-
tramer, with each subunit consisting of a single OB domain 
for ssDNA binding, in conjunction with a flexible C-termi-
nal extension involved in protein–protein interactions (Rag-
hunathan et  al. 2000). The Deinococcus/Thermus SSBs, 
whilst still utilising the tetrameric functional binding mode, 
arrive at this arrangement by combining two SSB homodi-
mers: each SSB monomer encoding two OB folds linked 
by a conserved spacer sequence (Dabrowski et  al. 2002). 
All eukaryotes utilise a heterotrimeric SSB known as rep-
lication protein A (RPA) with six OB folds; two that medi-
ate subunit interaction and four that are involved in ssDNA 
binding (Theobald et  al. 2003; Bochkarev et  al. 1999), 
Abstract Single-stranded DNA-binding proteins (SSBs), 
including replication protein A (RPA) in eukaryotes, play a 
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whilst many also encode a second SSB (hSSB1/NABP2/
OBFC2B) with a single OB fold, which is involved in the 
maintenance of genome stability (Richard et al. 2008; Wu 
et al. 2016).
The arrangement of euryarchaeal SSBs is similar to 
eukaryotic RPA: a polypeptide or polypeptides with mul-
tiple OB folds, including a characteristic OB fold inter-
rupted by a zinc-binding domain (White 2003; Komori and 
Ishino 2001). This zinc-domain is also found in the large 
RPA70 subunit in eukaryotic RPA. It appears that some 
euryarchaeal SSBs form heterotrimers and others heter-
odimers (Komori and Ishino 2001). In contrast, the cre-
narchaeal SSB has a bacterial-like domain structure, with 
a single OB fold followed by a flexible C-terminal tail that 
is not involved in DNA binding and coats ssDNA with a 
stoichiometry of approximately 5 nucleotides (nt) DNA per 
SSB molecule (Wadsworth and White 2001). The crystal 
structure of the OB fold of Sulfolobus solfataricus SSB 
(SsoSSB) demonstrated its close structural relationship 
with the ssDNA-binding domains of human RPA70 (Kerr 
et  al. 2003) and that of hSSB1 (Touma et  al. 2016). The 
monomeric structure of SsoSSB in solution, both in the 
absence and presence of ssDNA, was recently confirmed 
by cross-linking experiments (Gamsjaeger et al. 2015) and 
by EPR and single-molecule molecule FRET (Morten et al. 
2015).
Organisms inhabiting extreme environments where 
DNA damage is more frequent have a particular need to 
protect ssDNA, which is much more sensitive to damage 
than dsDNA (Ashton et al. 2013; Dickey et al. 2013). For 
example, the bacterium Deinococcus radiodurans main-
tains a high level of SSB in the cell and increases that level 
nearly three-fold in response to ionising radiation (Bern-
stein et  al. 2004). Likewise, hyperthermophilic organ-
isms, such as S. solfataricus, are also likely to experience 
elevated levels of DNA damage and it has been shown 
that SsoSSB expression is stimulated after UV irradiation 
(Wadsworth and White 2001; Gotz et  al. 2007). Mutants 
of the archaeal halophile Halobacterium sp NRC1 with 
enhanced resistance to ionising radiation were shown to 
have enhanced expression of RPA (DeVeaux et  al. 2007). 
E. coli, on the other hand, maintains a constant level of 
SSB that does not increase significantly in response to any 
DNA damage (Meyer and Laine 1990).
Materials and methods
Protein expression and purification
Recombinant SSB from S. solfataricus was prepared and 
purified as described previously (Wadsworth and White 
2001). The A114C variant was constructed by site directed 
mutagenesis using standard protocols (QuikChange, Strata-
gene) and the sequences of oligonucleotides used for clon-
ing and mutagenesis are available upon request. The variant 
was purified in the same manner as the wild-type SsoSSB. 
The A114C variant was then labelled with Alexa Fluor 
647 using the manufacturers labelling buffer (Life Tech-
nologies) and a ten times molar excess of fluorescent dye 
with the addition of urea to a final concentration of 8 M. 
The labelling reaction was left at room temperature for 
3 h, and then overnight at 4 °C. The labelling mixture was 
then diluted with labelling buffer to half the concentration 
of urea. A pure sample of labelled proteins was obtained 
using an affinity column to remove the unlabelled pro-
teins and any remaining free dye, as described previously 
(Wadsworth and White 2001). The labelling efficiency was 
checked by UV–vis spectroscopy and MALDI-TOF mass 
spectrometry and found to be >90%.
Oligonucleotides
Oligonucleotides were purchased from Eurofins MWG 
Operon and Qiagen. Sequences of oligonucleotides used 
in this study are shown in the table below. The positions 
of introduced biotin, fluorescein (FAM), and Cy3 and Cy5 
dyes are indicated.
Name Sequences (5′–3′)
R21U UUUUUUUUUUUUUUUUUUUUU
R21A AAA AAA AAA AAA AAA AAA AAA
RNA-FAM FAM-UGAUAAUCUCUUAUAGAA 
UUGAAAG
C12ssDNA Biotin-CCC CCC CCC CCC -Cy3
C12ssRNA Biotin-rCCC CCC CCC CCC -Cy3
RNA Hairpin Cy5-rUGAUAAUCUCUUAUAGAA 
UUGAAAGU-Cy3
Isothermal titration calorimetry (ITC)
Calorimetric experiments were carried out using a VP-
ITC instrument (MicroCal). All solutions were degassed 
prior to use. SsoSSB samples were dialysed extensively 
against 20  mM MES buffer, pH 6.5, 100  mM potas-
sium glutamate, and 1  mM  MgCl2 (ITC buffer). Oligo-
nucleotides (DNA or RNA) were also dissolved in ITC 
buffer. Binding experiments were performed in tripli-
cate at 50 °C. A 370 µL syringe with stirring at 300 rpm 
was used to titrate the oligonucleotide (40  µM) into the 
sample cell containing approximately 1.4 mL of SsoSSB 
(10  µM). Each titration consisted of a preliminary 1 µL 
injection followed by up to 25 subsequent 10 µL injec-
tions. Heats of dilution (ΔH) were measured in corre-
sponding blank titrations by adding oligonucleotide to 
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ITC buffer and/or ITC buffer to protein and were found 
to be similar to heats observed at the end of protein-DNA 
titrations. ITC-binding isotherms were analysed using a 
Single Set of Identical Sites model built-in to ITC Data 
Analysis in ORIGIN provided by the manufacturer. Non-
linear least-squares fitting of the data to this model was 
performed using the ITC Data Analysis software. This 
fit does not consider any positive cooperativity and the 
KD values obtained are thus reported as “apparent KD’s”. 
This does not affect the main observation which is that 
RNA and DNA are bound similarly.
Ensemble-fluorescence experiments
Protein-induced fluorescence enhancement (PIFE) exper-
iments were carried out in triplicate using a Varian Cary 
Eclipse fluorimeter, exciting the Cy3 dye at 550 nm. Oli-
gonucleotides C12ssDNA Cy3 and C12ssRNA Cy3 (10 
nM) were solubilized in 50 mM Tris–HCl pH 8.0, 10 mM 
KCl, and titrated with SsoSSB in the same buffer. Emis-
sion intensity at each concentration of SsoSSB was cor-
rected for dilution and the emission titration was fitted, as 
previously described (Morten et al. 2015), to a Hill model 
using Eq. 1.
where Bmax represents the maximum specific binding, KD is 
the concentration required for half-maximum binding, and 
n is the Hill coefficient.
Melting experiments were carried out using and intra-
molecular FRET assay using Cy3 and Cy5 as FRET pair 
and the energy transfer efficiency was calculated using 
Eq. 2 and transformed into unwound fraction of hairpin. 
In Eq. 2, IDA and ID represent the intensity of the donor in 
the presence and absence of acceptor, respectively. Con-
trol experiments to determine the variation in the emis-
sion of Cy3 due to PIFE at each SsoSSB were also car-
ried out.
Stoichiometric tryptophan quenching experiments 
were carried out as previously described (Ashton et  al. 
2013). We used an excitation wavelength of 300  nm and 
we titrated a 10 nM solution of unlabelled SsoSSB with 
increasing concentrations of unlabelled oligonucleotide. 
The area under the emission spectrum was taken at each 
data point. All ensemble data shown represent the average 
of three replicates.
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Single-molecule fluorescence
Single-molecule FRET data were taken using a home-
built single-molecule prism-type total-internal reflec-
tion microscope. Surface-immobilized oligonucleotides 
labelled with a donor Cy3 dye were exposed to SsoSSB 
labelled with the acceptor dye Alexa 647 as previously 
described (Morten et  al. 2015). Quartz slides were pas-
sivated using a PEG surface and biotin/neutravidin inter-
actions head groups were exploited to immobilise C12 
ssDNA Cy3 and C12 RNA Cy3 (Blouin et  al. 2009). 
The sample was excited by a 532 nm laser (Crystalaser, 
USA) and the fluorescence from the donor and acceptor 
was collected using an electron-multiplying CCD cam-
era (Ixon, Andor). Single-molecule intensity traces were 
analysed using laboratory-written MATLAB routines as 
previously described (McCluskey et  al. 2013). Apparent 
FRET efficiencies after background corrections were cal-
culated using (IA/(IA + ID)), where IA and ID represent the 
intensities of the acceptor and donor, respectively. Sin-
gle-molecule FRET histograms were generated using the 
first 15 frames of each trajectory as previously reported 
(Morten et al. 2015; Bluoin et al. 2009; McCluskey et al. 
2013). Single-molecule dwell-time histograms were cal-
culated manually after filtering for blinking and pho-
tobleaching effects and fitted to a monoexponential decay 
curve to extract the corresponding transition rate. Meas-
urements were carried out at room temperature with inte-
gration times of 50 ms per frame. The imaging buffer was 
identical to the ensemble binding buffer, with 200  μM 
Trolox, 6% (w/w) glucose and 0.1  mg/mL glucose oxi-
dase, and 0.02 mg/mL glucose catalase added to reduce 
the rate of photobleaching and blinking of the fluorescent 
dyes.
NMR experiments and modelling
NMR HSQC experiments were carried out using 0.8–1 mM 
SsoSSB OB domain (1–114) (Gamsjaeger et  al. 2015) in 
the presence and absence of equimolar amounts of ssDNA 
(6T) and RNA (6U) (purchased from Sigma Aldrich), 
respectively, at 298  K on a Bruker 600  MHz spectrom-
eter (Bruker Advance III) equipped with 5-mm TCI cryo-
probes. An in-silico model was calculated using HAD-
DOCK (Dominguez et al. 2003; de Vries et al. 2007) using 
the NMR structure (PDB ID 2MNA) as a template (Gam-
sjaeger et al. 2015). DNA (6T) was replaced by RNA (6U) 
and the definition of semiflexible and flexible residues; all 
ambiguous and unambiguous interaction restraints (AIR 
and UIRs, respectively) as well as base planarity restraints 
were taken from the docking calculations of the SsoSSB-
DNA structure (Gamsjaeger et al. 2015).
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Exosome protection assay
Sulfolobus solfataricus exosome was purified as described 
previously (Witharana et al. 2012). 200 nM RNA labelled 
with a 5′-fluorescein (RNA-FAM) was incubated with 
wild-type SSB (concentrations from 0 to 480 µM) for 5 min 
at room temperature in 20 mM HEPES (pH 7.9), 0.1 mM 
EDTA, 60 mM KCl, 8 mM  MgCl2, 2 mM DTT, and 10 mM 
 K2HPO4. To each aliquot, 0.5  µl S. solfataricus Rrp41-
Rrp42 hexameric ring and 0.4 µl Rrp4 protein were added. 
The total volume of each aliquot was 10  µl. The reaction 
was left to incubate at 60 °C for 1 h. 10 µl of each sample 
was added to acid phenol (Ambion) and mixed thoroughly, 
then spun at 13,000 rpm for 1 min. 5 µl from the resulting 
supernatant was added to 5  µl formamide (Promega) and 
loaded on to a denaturing gel (25% polyacrylamide, 7  M 
urea, 300 µl of ammonium persulfate (APS), and 30 µl of 
TEMED, 5 ml TBE, 5 ml water, total volume 50 ml) run at 
85 W with a temperature threshold of 50 °C for 2.5 h. The 
gel was scanned using Fuji FLA5000 phosphorimager and 
analysed using the ImageJ software.
Results and discussion
The previous studies of eukaryotic and bacterial SSBs have 
suggested efficient discrimination between ssDNA and 
RNA (Mushegian and Koonin 1996; Ashton et  al. 2013). 
In mesophilic organisms, this discrimination may serve to 
ensure that SSB is reserved for binding to ssDNA during 
replication and repair, not distributed over the much more 
abundant and omnipresent RNA in the cell. The ability of 
these proteins to discriminate between ssDNA and ssRNA 
is not entirely understood, but it is thought to result from 
a combination of factors, including the lower plasticity of 
the RNA sugar pucker and the steric clash due to the pres-
ence of the 2′ hydroxyl group that increases the energy 
barrier for binding and limits the conformational land-
scape of ssRNA (Shamoo 2002). Usually, SSB proteins 
have only modest affinities for ssRNA (Meyer and Laine 
1990). For instance, human RPA binds to ssRNA with an 
affinity at least three orders of magnitude lower than that 
for binding ssDNA (Kim et al. 1992) and the early studies 
on the Escherichia coli SSB also indicated a much weaker 
affinity to ribopolymers than to their deoxy-counterparts 
(Ruyechan and Wetmur 1976; Molineux et al. 1975). Bac-
terial cold shock proteins have been also reported to exhibit 
more than one order of magnitude decrease in binding 
affinity to ssRNA compared to ssDNA (Sachs et al. 2012). 
We were, therefore, surprised to observe using isothermal 
titration calorimetry that SsoSSB binds to a 21U RNA oli-
gonucleotide (Fig. 1a) with a similar affinity (apparent KD 
= 93 ± 0.4 nM) as that seen for a 21T DNA oligonucleotide 
(apparent KD = 95 ± 0.6 nM) (Fig. 1b).
To investigate this unexpected property of SsoSSB fur-
ther, we carried out ensemble-fluorescence experiments 
with 12 nucleotide ssRNA and ssDNA sequences func-
tionalized with a Cy3 dye at the 3′ end. SsoSSB binding 
to these sequences was monitored using protein-induced 
fluorescence enhancement (PIFE). PIFE assays are based 
on the increase in the fluorescence emission of dyes due to 
the binding of proteins in close proximity and it has been 
extensively used as a molecular ruler to measure binding 
dynamics and distances shorter than those available by 
Fig. 1  Representative iso-
thermal titration calorimetry 
profiles for the interaction of 
SsoSSB with a 21 nt poly-A 
DNA oligonucleotide (a) and 
a 21 nt poly-rA RNA oligo-
nucleotide (b). The top panel 
shows heat differences obtained 
for injections of 40 µM ssDNA 
or ssRNA into 10 µM SsoSSB 
solution. Titrations were com-
pleted in triplicate. The lower 
panel shows the incremental 
enthalpy changes, corrected 
for heats of dilution, with 
experimental data points (open 
square) and the best fit (solid 
line). ITC-binding isotherms 
were analysed using a single 
set of identical sites model in 
microcal origin
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Förster resonance energy transfer (FRET) (Morten et  al. 
2015; Lerner et al. 2016). In the PIFE assay, we replaced 
the 21-mer employed for ITC by 12-mer ssDNA and 
ssRNA strands to ensure that monomer binding is within 
the distance range in which the PIFE mechanism can 
take place. The PIFE experiments with the ssRNA strand 
showed a >twofold increase in Cy3 emission (Fig. 2a), sim-
ilar to the increase seen previously with ssDNA (Morten 
et al. 2015). The binding isotherms obtained when titrating 
10 nM ssRNA and ssDNA were fitted to a Hill binding 
model and yielded similar apparent KD values of 4.2 ± 0.6 
and 8.2 ± 0.9 nM, respectively (Fig. 2b). These values are 
very close to those reported previously for the binding of 
SsoSSB (Morten et  al. 2015) to ssDNA under low ionic 
strength conditions where binding affinity is higher as dem-
onstrated for other SSBs (Kernchen and Lipps 2006). The 
similarity between the affinity values also suggests that the 
presence of the dye at the 3′ end does not influence SsoSSB 
Fig. 2  Ensemble-fluorescence characterization of the SsoSSB inter-
action with single-stranded RNA oligonucleotides. a SsoSSB bind-
ing to a 12-mer single-strand Cy3-labelled RNA monitored using 
protein-induced fluorescence enhancement (PIFE). Fluorescence 
emission spectra of Cy3 as a function of SsoSSB concentration. The 
fluorescence spectrum in the absence of SsoSSB was normalized to 
unity at the wavelength of the maximum and taken as a reference to 
calculate the emission enhancement at each SsoSSB concentration. b 
Relative variation in the emission intensity of a Cy3-labelled 12-mer 
ssDNA (black squares) and a Cy3-labelled 12-mer ssRNA (grey cir-
cles) as a function of SsoSSB concentration obtained in a background 
of 10  mM KCl. Values represent the average of three experiments 
and are given as mean ± s.e.m. Solid lines represent the result from a 
non-linear squares fit to a Hill model as described by Eq. 1. c Stoichi-
ometry of the SsoSSB-RNA interaction was determined using tryp-
tophan emission quenching. A 460 nM concentration of SsoSSB was 
titrated with a 12 C (black circles) and a 20 C (red circles) ssRNA 
oligonucleotide. The occluded site size was determined by extrapola-
tion of the linear part of the titration curve to the point of intersec-
tion with the corresponding plateau value after saturation (solid black 
lines for 12  C and solid red lines for 20  C). The cross-point of the 
two linear fitting regimes yields, for each ssRNA, a similar value of 
6–7 nucleotides interacting with each SsoSSb monomer. d SsoSSB 
induced melting of an RNA hairpin monitored using an intra-molecu-
lar FRET assay. Variation in the fraction of disrupted RNA hairpin as 
a function of SsoSSB concentration. FRET efficiency was calculated 
as described in the methods section and transformed into fraction of 
disrupted hairpin. The solid line indicates the result from a non-linear 
square fit to Eq. 1. Inset Fluorescence spectra of Cy3 and Cy5 nor-
malized at the maximum of the Cy3 emission band (565 nm) in the 
absence and presence of 20 nM SsoSSB
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binding. From the fit, we obtained values for the Hill coef-
ficients of 1.8 ± 0.3 for RNA and 1.6 ± 0.5 for DNA, imply-
ing the interaction of more than one protein with a signifi-
cant degree of positive cooperativity between them. Similar 
values for the apparent dissociation constant (6 ± 1 nM) 
and the Hill coefficient (1.7 ± 0.2) were obtained when the 
amount of titrated ssRNA was decreased to sub-nanomolar 
levels (~0.7 nM).
The number of ssRNA nucleotides occluded per SsoSSB 
monomer was further investigated using the intrinsic fluo-
rescence of tryptophan as a reporter of binding (Fig.  2c). 
Structural studies of SsoSSB have confirmed that three 
tryptophan residues (W56, W75 and F79) are important for 
ssDNA binding (Wadsworth and White 2001; Kerr et  al. 
2003; Gamsjaeger et  al. 2015). Stoichiometric titration of 
SsoSSB (460 nM) with increasing concentrations of a 12 C 
ssRNA sequence induced a 75% quenching of the trypto-
phan emission and yielded a value of ~6–7 ribonucleotides 
interacting with each bound SsoSSB (Fig.  2c). Repeating 
the titration using a 20 C ssRNA yielded a similar number 
of nucleotides being protected by each SsoSSB monomer 
(Fig. 2c). This value is similar to that reported for the inter-
action of SsoSSB with ssDNA using tryptophan quenching 
(~5–6 nt) (Wadsworth and White 2001) and gel electropho-
resis-binding assays (~5 nt) (Cubeddu and White 2005) and 
in general agreement with the recent SsoSSB:ssDNA NMR 
structure where it was shown that 5 bases are sufficient for 
the recognition of ssDNA (Gamsjaeger et al. 2015).
It has been shown that SsoSSB can melt long stretches of 
duplex DNA in vitro at moderate temperatures (30–40 °C) 
and that this melting ability is enhanced when the duplex 
structure contains single mismatches and lesions, such as 
cyclobutane pyrimidine dimers (CPD) and extra-helical 
adducts (Cubeddu and White 2005). To explore whether 
this ability to disrupt secondary structure was also present 
for RNA sequences, we carried out FRET experiments 
using a RNA oligonucleotide capable of forming a hairpin 
structure containing a single-nucleotide bulge (Fig.  2d). 
FRET has extensively been used as a molecular ruler 
to monitor conformational changes within proteins and 
DNA–protein interactions (Blouin et  al. 2009). The RNA 
hairpin was labelled with a Cy3–Cy5 FRET pair and the 
change in end-to-end distance was investigated as a func-
tion of added protein (Fig. 2d). In the absence of SsoSSB, 
the fluorescence spectra obtained when exciting the Cy3 
donor (λexc ~ 547  nm) showed a significant emission 
from the Cy5 acceptor dye (λem ~ 670 nm), indicative, as 
expected, of a high degree of energy transfer from the Cy3 
to the Cy5 for the intact hairpin (Fig. 2d). However, in the 
presence of 20 nM SsoSSB, the spectrum was dominated 
by the emission from the Cy3, suggesting that the inter-dye 
distance had increased and, as a result, the FRET efficiency 
had decreased substantially. We interpreted this as evidence 
that SsoSSB can efficiently disrupt the secondary structure 
of the hairpin RNA as previously observed for duplex DNA 
(Cubeddu and White 2005).
We have recently characterized the binding dynamics of 
SsoSSB monomers to surface-immobilized ssDNA using 
a single-molecule FRET approach (Morten et  al. 2015). 
Single-molecule techniques are emerging as unique tools to 
unravel the dynamics of protein–DNA interactions (Morten 
et al. 2015; Blouin et al. 2009; Craggs et al. 2014) and they 
have been used extensively to investigate single-strand 
binding proteins, such as EcoSSB and RPA (Zhou and Ha 
2012). To compared the dynamic properties of SsoSSB 
monomers binding to ssRNA and ssDNA, SsoSSB was 
labelled with an Alexa647 acceptor dye and a 12 C ssRNA 
or a 12 C ssDNA was doubly labelled with a biotin group at 
the 5′ end for surface immobilization to streptavidin coated 
microscope slides and with a Cy3 FRET donor at the 3′ 
end.
Representative single-molecule FRET trajectories 
obtained for ssDNA and ssRNA in the presence of labelled 
SsoSSB are shown in Fig. 3a, b, respectively. The single-
molecule traces showed a very similar behaviour for both 
strands and they are characterized by sudden and short-
lived anti-correlated fluctuations in the intensity signal of 
the Cy3 and the Cy5 dyes (Fig. 3a, b). The intensity-based 
trajectories were transformed into FRET traces using Eapp 
= Iacc/(Iacc + Idon), where Iacc represents the intensity of the 
acceptor and Idon the intensity of the donor. The single-
molecule FRET trajectories displayed occasional bursts in 
FRET efficiency from a value near zero to a very high effi-
ciency value (Eapp ~ 0.9–1). These bursts represent binding 
events where the association of the labelled SsoSSB brings 
the acceptor in close proximity to the donor resulting in 
a high FRET efficiency. The average dwell time of these 
binding events is similar between ssDNA (Fig.  3a) and 
ssRNA (Fig. 3b). We have previously demonstrated using 
the interaction of SsoSSB with ssDNA that these FRET 
bursts are not caused by acceptor photobleaching (Morten 
et al. 2015). The average photobleaching dwell time of the 
Cy5 dye was reported as being ~50-fold longer (~55 s) than 
the average dwell time of individual bursts (~1 s) (Morten 
et  al. 2015). In this experiment, we have maintained the 
concentration of labelled SsoSSB sufficiently low (~1–2 
nM) to ensure only a single SsoSSB associates to the 
nucleic acid and thus allow a direct comparison of the 
monomer-binding dynamics to ssDNA and ssRNA. Single-
molecule dwell-time histograms quantifying the associa-
tion and dissociation dynamics of SsoSSB to ssDNA and 
ssRNA are shown in Fig.  3c, d, respectively. The kinetic 
rate values for binding and dissociation were extracted by 
fitting these histograms to monoexponential decay func-
tions. SsoSSB monomers exhibited, at this concentration, 
dissociation rate values of 3.8 ± 0.8  s− 1 for ssDNA and 
49
375Extremophiles (2017) 21:369–379 
1 3
6 ± 1  s− 1 for ssRNA (Fig. 3e). The association rates were 
much slower than the dissociation rates, with values of 
0.06 ± 0.01 s− 1 for ssDNA and 0.12 ± 0.08 s− 1 for ssRNA. 
Overall, the single-molecule data confirm that SsoSSB can 
bind ssDNA and ssRNA with similar efficiency and that 
individual SsoSSB monomers do not indefinitely persist 
on either of these oligonucleotides. Considering the harsh 
conditions to which thermophile organisms are exposed, 
a highly dynamic interaction between SsoSSB monomers 
and the nucleic acid sequence may provide the optimal bal-
ance to ensure efficient protection whilst enabling access to 
nucleic acid processing proteins.
In the literature, there are examples of proteins that dis-
criminate between ssDNA and ssRNA (Dickey et al. 2013). 
Schizosaccharomyces pombe Pot1 is the most extensively 
studied example of a protein that can selectively bind to 
ssDNA and it achieves this in a number of ways, including 
preferentially binding to thymine rather than uracil (Nanda-
kumar et  al. 2010). A strong hydrophobic interaction is 
formed between the deoxythymine and a protein bind-
ing site. In contrast, uracil lacks a methyl group, produc-
ing an energetically unfavourable gap between the RNA 
and protein, weakening the strength of binding to RNA. 
Steric clashes between the 2′ hydroxyl group with Pot1 
residue Ser123 and a phosphate group on the neighbour-
ing nucleotide have also been identified as barriers to any 
strong affinity between RNA and the OB fold, and so facili-
tate the selective binding of ssDNA (Nandakumar et  al. 
2010). The molecular basis for discrimination by RPA and 
EcoSSB between ssDNA and RNA is less well studied, but 
presumably arises from similar energetic penalties for the 
accommodation of the extra 2′ hydroxyl group in the bind-
ing site of the protein, or from differences in the confor-
mational flexibility of DNA and RNA (Chen et al. 2012). 
Having established that SsoSSB binds ssRNA with a simi-
lar affinity and similar kinetics as ssDNA, we next sought 
to determine whether there are any major structural differ-
ences between DNA and RNA recognition. We carried out 
Fig. 3  Single-molecule comparison of the interaction between 
Alexa647 labelled SsoSSB monomers and surface-immobilized 
12-mer ssDNA (a) and 12 mer ssRNA (b) labelled with Cy3. Sin-
gle-molecule donor (green) and acceptor (red) intensity trajectories 
(upper panel) are shown together with the corresponding FRET trace 
(black, bottom panel) obtained in the presence of 1 nM concentra-
tion of SsoSSB. Anti-correlated fluctuations in the Cy3 and Alexa647 
intensity signals result in FRET burst that indicate SsoSSB associa-
tion and dissociation events. Single-molecule dwell-time histograms 
obtained for the association and dissociation of SsoSSB to ssDNA (c) 
and ssRNA (d) are also shown. Each histogram was built from >300 
events and fitted to a monoexponential decay function to extract the 
corresponding rate. Bar plots showing a comparison of the dissocia-
tion (e) and association (d) rate constants in  s− 1 obtained for the bind-
ing of 1 nM SsoSSB to an equivalent 12-mer ssDNA and ssRNA
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NMR HSQC experiments of 15N-SsoSSB in the absence 
and presence of RNA revealing that the same residues that 
exhibit chemical shift changes upon binding of ssDNA are 
also significantly perturbed when RNA is added (Fig. 4a). 
These data suggest that the interaction surface is con-
served between ssDNA and RNA. Indeed, mapping of the 
observed chemical shift changes onto the crystal structure 
of SsoSSB (PDB ID 1O7I) confirmed that ssDNA and RNA 
recognise essentially the same binding interface on the pro-
tein (Fig.  4b–e). We have recently solved the structure of 
SsoSSB bound to ssDNA and have shown that the defin-
ing feature of the complex structure is the base-stacking of 
three aromatic residues (W56, W75 and F79) with three 
ssDNA bases (PDB ID 2MNA) (Gamsjaeger et al. 2015). 
The NMR data suggest that this base-stacking mechanism 
is conserved between ssDNA and RNA. An in-silico model 
(Fig. 4f–g), calculated based on the NMR structure of the 
DNA-bound SsoSSB (Gamsjaeger et  al. 2015) (assuming 
that replacing the ssDNA by RNA does not lead to a major 
change in the conformation of the nucleotide), provides 
further strong support for this notion. As seen from Fig. 4g, 
the model demonstrates that SsoSSB’s OB fold is capable 
of accommodating the 2′ hydroxyl group of the RNA and 
the effects of the resulting ring puckering without disrupt-
ing the aromatic stacking between the bases and aromatic 
residues in the OB fold.
In vivo, RNA in S. solfataricus is turned over by the 
exosome, which functions like the eukaryotic exosome 
Fig. 4  NMR and molecular modelling characterization of SsoSSB 
binding to ssRNA and ssDNA. a Section of a 15 N HSQC spectrum 
of ~0.8–1  mM SsoSSB alone (black) and a 1:1 mixture of SsoSSB 
with 6U ssRNA (green) as well 6T ssDNA (salmon). Assignments 
and directions of movement are indicated. Weighted backbone chemi-
cal shift changes of HN and N for SsoSSB upon binding to ssRNA 
(b) and ssDNA (c), respectively. Residues exhibiting changes larger 
than the average (binding residues) are coloured in green for RNA (b) 
and salmon for DNA (c). Space-filling representation of the crystal 
structure of SsoSSB (PDB 1O7I) with binding residues coloured in 
green for RNA (d) and salmon for DNA (e). Note the high similar-
ity of the binding site for RNA compared to DNA. f Energy-lowest 
NMR structure (PDB ID 2MNA) of SsoSSB-DNA complex structure. 
g Model of SsoSSB-RNA structure based on DNA-bound structure. 
The location of the 2′ hydroxyl groups is indicated by black arrows
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by degrading RNA in a 3′–5′ direction (Evguenieva-
Hackenberg et  al. 2003). We, therefore, examined the 
effect of SsoSSB on the efficiency of RNA degradation by 
the exosome in vitro (Fig.  5). A 25 nt RNA oligonucleo-
tide labelled with a 5′-fluorescein moiety was incubated 
with purified S. solfataricus exosome in the presence of 
increasing amounts of SsoSSB. At higher concentrations 
of SsoSSB, the activity of the exosome was progressively 
diminished, demonstrating that SsoSSB has the ability to 
bind and protect RNA against degradative enzymes in vitro. 
Partial protection of RNA by SsoSSB against digestion by 
benzonase was reported previously (Shi et al. 2013).
SsoSSB is clearly the major ssDNA-binding protein pre-
sent in Sulfolobus cell extracts, and is estimated to consti-
tute 0.1% of total soluble protein (Wadsworth and White 
2001; Paytubi et  al. 2012). Our data suggest that SsoSSB 
has the potential to associate with and stabilise unstruc-
tured RNA molecules, such as mRNA, and thus increase 
its half-life at the elevated temperatures characteristic of 
hyperthermophilic organisms. In S. solfataricus, mRNA 
half-lives are longer than those seen in bacteria, which may 
reflect the increased stability and protection provided by 
RNA-binding proteins (Bini et  al. 2002). It is also possi-
ble that SsoSSB plays a role in RNA remodelling in con-
junction with RNA helicases, for example in ribosome bio-
genesis, as SSB binding could protect unfolded rRNA and 
act as an RNA chaperone. We have shown previously that 
SsoSSB forms a tight physical interaction with RNA poly-
merase via the C-terminal tail, and can stimulate transcrip-
tion in vitro, consistent with a role as an mRNA chaperone 
(Richard et al. 2004).
There is a good reason to suppose that the OB fold 
evolved originally as an RNA-binding module, as RNA is 
thought to have predated DNA early in evolution (Orgel 
1998), and several examples of OB fold domains spe-
cialised for RNA binding have been reported. Examples 
include bacterial tRNA-binding proteins proposed to act 
as molecular chaperones to protect and stabilise tRNAs 
(Orgel 1998), N-terminal anti-codon binding domains of 
some class II tRNA synthetases (Swairjo et al. 2000), trans-
lation initiation factors, and ribosomal proteins from bac-
teria and archaea (Li and Hoffman 2001; Wu et al. 2003). 
The archaeal chromatin protein Alba, whose primary role 
is thought to require binding to dsDNA, has been shown 
to also interact quite strongly with RNA in  vitro (Guo 
et al. 2003). SSBs from several hyperthermophilic species 
have been shown capable of binding RNA in  vitro (Shi 
et  al. 2013). The relaxed specificity of abundant nucleic 
acid binding proteins in hyperthermophiles may thus be a 
derived feature that has evolved to protect both ssDNA and 
RNA under extreme conditions, or alternatively reflect an 
ancestral state held over from the RNA world.
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 Summary 3.2
In this chapter, I have established the structural and mechanistic detail of ssDNA and 
RNA binding by SsoSSB. The ssDNA binding properties of SsoSSB was mapped out 
by obtaining 49 intermolecular contacts between the two molecules. The NOESY 
spectra of the SsoSSB-ssDNA complex presented in paper 2 of this chapter were 
obtained at 330 K (~57 oC), due to the hyperthermophilic properties of SsoSSB. A 
higher temperature offers sharper NOE signals by decreasing solvent viscosity and thus 
the rotational correlation time of the protein (87). 
 I have shown that this interaction between SsoSSB and ssDNA is mediated heavily by 
the base stacking mechanism between three aromatic residues and ssDNA/RNA bases. 
It is significant to note that these aromatics are highly conserved in hSSB1 and hSSB2. 
Along with the conserved aromatic residues, the overall sequence similarity and close 
phylogenetic relationship between the two kingdoms may account for evidence that 
these simple human SSBs show a similar or even identical ssDNA binding mechanism 
to SsoSSB. In fact, the recently published crystal structure of hSSB1 bound to ssDNA 
shows two out of the three conserved aromatic residues involved in binding (84). 
However, we have mutational data to show that all three conserved and an additional 
aromatic residue in hSSB1 and hSSB2 are involved in binding, which will be further 
expanded on in chapter 4 of this thesis.  
This chapter further reveals that the nucleic acid binding mechanism of SsoSSB is 
conserved for both ssDNA and RNA. Traditionally SSBs bind ssDNA with a higher 
affinity than RNA, allowing for efficient discrimination between the two (4). However, 
our data presented in paper 3 of this chapter show that SsoSSB binds both nucleic acid 
molecules with similar high affinity, consistent with SSBs from other 
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hyperthermophillic species (12). This may be a feature reflecting the dependence on 
RNA in early life forms, or an evolvement to protect both ssDNA and RNA under the 
harsh conditions.  
These data add to the existing knowledge of the diversity in DNA binding mechanisms 
of SSBs, as well as providing an insight into how simple monomeric SSBs bind ssDNA. 
Additionally, the overall similarities between simple SSBs from archaea and humans 
will allow us to draw parallels between this group of proteins aiding in the study of their 
structural and functional properties. 
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 Overview 4.1
In recent years, two new human SSBs, hSSB1 and hSSB2, were discovered by mining 
the human database using the protein sequence from Sulfolobus solfataricus SSB 
(SsoSSB) as a template (22,72). Prior to this, RPA was the only identified SSB in 
humans, therefore the discovery of hSSB1/2 added a new dimension to DNA processing 
events within our cells. Additionally, in contrast to the ‘complex’ RPA protein, 
hSSB1/2 are characterised as ‘simple’ SSBs, with a domain organisation more similar to 
its primitive counterpart, SsoSSB  (22,29,30). 
In the last few years, the DNA binding details of SsoSSB have been characterised 
(10,29,88) and I have further contributed to this area by solving the structure of SsoSSB 
bound to ssDNA in solution as presented in Chapter 3 of this thesis. This structure 
revealed the driving force of this binding to be the stacking of 3 aromatic residues with 
the DNA bases. Intriguingly, these aromatic residues are highly conserved in the human 
SSBs (W55, Y74 and F78 in hSSB1 and W59, F78 and W82 in hSSB2), pointing to the 
likelihood of a conserved ssDNA binding mechanism between these proteins.   
Recently however, the crystal structure of hSSB1 (in the SOSS1 complex) bound to 
ssDNA was solved (84), and shows significant differences to the DNA bound structure 
of SsoSSB. For example, in this structure, only two conserved aromatic residues were 
involved in binding, in contrast to the three aromatic residues in SsoSSB (Chapter 4). 
Furthermore, these binding details were inconsistent with results we had obtained from 
mutational biophysical studies, which pointed to all three conserved aromatic residues 
of both hSSB1 and hSSB2 playing a role in binding to ssDNA.  
In this chapter, I present three publications that together highlight the discrepancies 
between the existing crystal structure of hSSB1 bound to ssDNA and our solution based 
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mutational binding data, subsequently providing a physiologically relevant model of a 
hSSB1-ssDNA structure. I have obtained chemical shift assignments of the protein 
backbone using 15N HSQC spectra of both hSSB1 and hSSB2, which I have used to 
map and compare the DNA binding interface of these SSBs. 15N and 13C/15N hSSB1 and 
hSSB2 used for NMR studies were prepared in a 5L biofermenter. The cells were grown 
in defined media containing nutrients at a natural abundance, and were provided with 
isotopically labelled nutrients (15NH4Cl or 13C Glucose) when induction of protein 
expression was commenced. Induction conditions are presented in the methods section 
of the following papers.  
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Abstract Single-stranded DNA-binding proteins (SSBs)
are highly important in DNA metabolism and play an
essential role in all major DNA repair pathways. SSBs are
generally characterised by the presence of an oligonu-
cleotide binding (OB) fold which is able to recognise sin-
gle-stranded DNA (ssDNA) with high affinity. We
discovered two news SSBs in humans (hSSB1 and hSSB2)
that both contain a single OB domain followed by a
divergent spacer region and a charged C-terminus. We
have extensively characterised one of these, hSSB1
(NABP2/OBFC2B), in numerous important DNA pro-
cessing events such as, in DNA double-stranded break
repair and in the response to oxidative DNA damage.
Although the structure of hSSB1 bound to ssDNA has
recently been determined using X-ray crystallography, the
detailed atomic level mechanism of the interaction of
hSSB1 with ssDNA in solution has not been established. In
this study we report the solution-state backbone chemical
shift assignments of the OB domain of hSSB1. In addition,
we have utilized NMR to map the DNA-binding interface
of hSSB1, revealing major differences between recognition
of ssDNA under physiological conditions and in the
recently determined crystal structure. Our NMR data in
combination with further biophysical and biochemical
experiments will allow us to address these discrepancies
and shed light onto the structural basis of DNA-binding by
hSSB1 in solution.
Keywords hSSB1  SSB  OB domain  DNA repair 
NMR
Biological context
SSB proteins are involved in virtually all DNA processing
events, including DNA repair (Richard et al. 2009). When
DNA is damaged, SSBs detect this damage, protect the
single-stranded DNA (ssDNA) that has been generated, and
orchestrate repair. The importance of the SSB family in
DNA processes is reflected by its evolutionary conserva-
tion. Bacterial and crenarchaeal SSBs have a simple
domain organisation with one oligonucleotide binding
(OB) fold (five-stranded bent antiparallel b-sheet that
forms a closed b-barrel) followed by divergent spacer
region and a charged C-terminus, whereas human replica-
tion protein A (RPA), the most widely studied SSB in
humans, contains multiple OB domains in three different
subunits (Iftode et al. 1999).
We have recently solved the three dimensional structure
of the SSB from the crenarchaeote Sulfolobus solfataricus
(SsoSSB) in solution alone, and in complex with ssDNA
(Gamsjaeger et al. 2014, 2015) and discovered that it can
detect DNA damage and recruit repair proteins (Cubeddu
and White 2005). Mining the human database using the
SsoSSB protein sequence as a template directly led us to
discover two new SSBs: hSSB1 and hSSB2 (Richard et al.
2008) that both have a simple domain organisation. Over
the last 8 years, we have contributed to the extensive
characterisation of the biological function of hSSB1
(NABP2/OBFC2B) in DNA metabolism and have revealed
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that it plays a major role in the double stranded DNA break
(DSB) repair pathway (Richard et al. 2008), in the response
to oxidative DNA damage (Paquet et al. 2015), in the
stability and repair of stalled DNA replication forks
(Bolderson et al. 2014) and in maintenance of telomeres
(Pandita et al. 2015).
The structure of the OB domain of hSSB1 bound to
ssDNA was recently solved by X-ray crystallography as
part of the SOSS1 complex, which consists of hSSB1, Ints3
and C9orf80, and plays a major role in DSB repair (Ren
et al. 2014). Surprisingly, despite the high structural
(RMSD 0.82 A˚) and sequence (*55 %) similarity between
SsoSSB and hSSB1, significant differences between the
two ssDNA bound structures exist. For example, the crystal
structure revealed that ssDNA recognition of hSSB1 is
achieved via base-stacking of two essential aromatic resi-
dues with the ssDNA, rather than three, as observed in the
SsoSSB-ssDNA structure (Gamsjaeger et al. 2015) and
despite the fact that the third aromatic residue is conserved
(W75 in SsoSSB, Y74 in hSSB1). However, due the lack of
any structural information about ssDNA recognition by
hSSB1 under more physiological conditions in solution,
these discrepancies have so far not been resolved.
In this study, we present the solution-state backbone
resonance assignments of hSSB1 at 298 K. We have also
determined the DNA-binding interface in solution (by
HSQC titration of 15N-labeled hSSB1 with 6T ssDNA);
this interface is significantly different to the one in the
existing crystal structure. These data in combination with
further biophysical and biochemical experiments will allow
us to elucidate the detailed atomic level mechanism of the
interaction of hSSB1 with ssDNA under physiological
conditions.
Methods and experiments
Protein expression and purification
Initially, an hSSB1 OB domain construct (1–123) was
directionally cloned into pGEX-6P (with a GST expression
tag) using the restriction enzymes BamHI and EcoRI.
Protein expression using the E. coli BL21(DE3) strain was
induced by addition of 0.2 mM IPTG at 25 C for 16 h.
Cells were lysed by sonication in 10 mM MES, pH 6.0,
50 mM NaCl, 3 mM TCEP, 0.5 mM PMSF, 0.1 % Triton
X-100. Following centrifugation, the supernatant was
subjected to GSH affinity chromatography followed by
HRV-3C protease cleavage overnight at 4 C (leaving the
5-residue stretch GPLGS at the N-terminus of the OB
domain). The solution was applied to a HiTrap HP Heparin
(2 9 5 mL tandem, GE) column equilibrated with NMR
buffer (10 mM MES, pH 6.0, 50 mM NaCl, 3 mM TCEP).
A 500 mL linear gradient comprising 50–1000 mM NaCl
was used to elute cationic proteins. Fractions correspond-
ing to a distinct absorbance peak were analysed by SDS-
PAGE, pooled, concentrated and loaded onto a Superdex-
75 gel filtration column in NMR buffer. 15N- and 15N13C-
labeled hSSB1 protein was prepared using the procedure of
(Cai et al. 1998) in a 5-L biofermentor and purified as
described above. Protein concentrations were determined
using the absorbance at 280 nm and the theoretical molar
extinction coefficient for hSSB1.
NMR spectroscopy and data processing
NMR experiments were carried out using 0.2–0.8 mM
hSSB1 in NMR buffer with 10 % D2O. Proton chemical
shifts were referenced to 4,4-dimethyl-4-silapentanesul-
fonic acid (DSS) at 0 ppm. 13C and 15N chemical shifts
were referenced indirectly to the same signal. NMR
experiments were recorded at 298 K on either a Bruker 600
or 800 MHz spectrometer (Bruker Avance III) equipped
with 5-mm TCI cryoprobes. The spectra recorded included
15N-HSQC, 13C-HSQC, CBCA(CO)NH, HNCACB,
HNCO, HN(CA)CO and 15N-NOESY. The chemical shifts
of DNA-bound 15N13C hSSB1 were unambiguously
determined by stepwise addition of 0.2, 0.4, 0.6, 0.8 and 1
equimolar amounts of 6T ssDNA (HPLC purified; pur-
chased from Sigma-Aldrich). Data were processed using
Topspin (Bruker Biospin) and assignments were made
using Sparky (T. D. Goddard and D. G. Kneller, University
of California at San Francisco).
Assignments and data deposition
The hSSB1 construct used in this study contains the entire
OB domain (1–123) as well as five additional residues from
HRV-3C cleavage (see methods and experiments). Fig-
ure 1 shows the 15N HSQC spectrum of this folded protein
domain. All backbone chain atoms with the exception of
V105 and all prolines were assigned. The chemical shifts of
the hSSB1 OB domain have been deposited in the Bio-
MagResBank (http://www.bmrb.wisc.edu) under the
accession number 26752.
In addition, we have mapped the DNA-binding interface
of hSSB1 in solution onto the existing crystal structure
(Fig. 2). Figure 2a depicts a portion of a 15N-HSQC
spectrum of 15N-labeled hSSB1 in the presence (red) and
absence (black) of ssDNA consisting of six thymines (6T).
The recently published crystal structure of hSSB1 bound to
ssDNA (PDB ID 4OWX) (Ren et al. 2014) has shown that
six bases are sufficient for full binding. Calculation of
weighted chemical shift changes (Ayed et al. 2001) upon
binding to ssDNA (Fig. 2b) and mapping these changes
R. Kariawasam et al.
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onto the existing structure reveals the ssDNA recognition
surface in solution (Fig. 2c, d, bound ssDNA coloured in
green).
Intriguingly, comparison of the published crystal struc-
ture with our solution data uncovered five residues (G27,
R28, T30, K31 and Y85, Fig. 2d) that exhibit substantial
chemical shift perturbations in NMR HSQC experiments
(Fig. 2b) but are not directly involved in DNA-binding in
the crystal lattice. Further, the chemical shift change profile
obtained for hSSB1 upon DNA recognition (Fig. 2b) clo-
sely resembled that measured for the structurally related
SsoSSB (RMSD 0.82A˚) (Fig. 2b in Gamsjaeger et al.
2014). The OB domain of SsoSSB also utilises a stretch of
residues for DNA-binding (I30, Q31, T32, N34 and W75)
that are structurally homologous to the five above-men-
tioned residues (Gamsjaeger et al. 2014, 2015). A possible
explanation for these discrepancies is the presence of non-
native crystal contacts between the ssDNA and the com-
plex subunit, SOSSA, which the authors describe in their
study (Ren et al. 2014). These artificial contacts have most
likely distorted the configuration of the ssDNA in the
Fig. 1 15N-HSQC spectrum of hSSB1 OB domain (1–123 with five
additional residues from HRV-3C cleavage, *0.5 mM) showing
backbone amide resonances. Note that for clarity, residues L-2, M1,
N18, L19, I67, Q93, N112 and Q119 located in the centre of the
spectrum are not labelled. The spectrum was recorded at a proton
resonance frequency of 800 MHz at 298 K in 10 mM MES, pH 6.0,
50 mM NaCl, 3 mM TCEP
Fig. 2 a Section of the 15N HSQC spectrum of *0.3 mM hSSB1
alone (black) and a 1:1 mixture of hSSB1 and ssDNA (6T, red).
Assignments and directions of movement are indicated. b Weighted
backbone chemical shift changes of HN and N, (Ayed et al. 2001) for
hSSB1 upon binding to ssDNA. Residues exhibiting changes larger
than the average (solution binding residues) are coloured in salmon.
Cartoon (c) and space-filling representation (d) of the crystal structure
of hSSB1 bound to ssDNA (PDB 4OWX) (Ren et al. 2014) with
solution binding residues and ssDNA coloured in salmon (in analogy
to b) and green, respectively. Note that the DNA-binding interface
observed in the crystal structure (PDB ID 4OWX) does not fully
correlate with the observed chemical shift perturbations in solution.
For example, G27, R28, T30, K31 and the aromatic residue Y85
(indicated by arrows in d) are not involved in DNA-binding in the
crystal but exhibit significant chemical shift changes
Backbone 1H, 13C and 15N resonance assignments of the OB domain of the single stranded DNA…
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crystal lattice. A future study using our NMR data, as well
as further biophysical and biochemical experiments, will
address these issues and provide the exact molecular details
of DNA-binding by hSSB1 under physiological conditions.
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ABSTRACT
Single-stranded DNA binding proteins (SSBs)
play an important role in DNA processing
events such as replication, recombination and re-
pair. Human single-stranded DNA binding pro-
tein 1 (hSSB1/NABP2/OBFC2B) contains a single
oligosaccharide/oligonucleotide binding (OB) do-
main followed by a charged C-terminus and is struc-
turally homologous to the SSB from the hyperther-
mophilic crenarchaeote Sulfolobus solfataricus. Re-
cent work has revealed that hSSB1 is critical to ho-
mologous recombination and numerous other im-
portant biological processes such as the regulation
of telomeres, the maintenance of DNA replication
forks and oxidative damage repair. Since the ability of
hSSB1 to directly interact with single-stranded DNA
(ssDNA) is paramount for all of these processes, un-
derstanding the molecular details of ssDNA recogni-
tion is essential. In this study, we have used solution-
state nuclear magnetic resonance in combination
with biophysical and functional experiments to struc-
turally analyse ssDNA binding by hSSB1. We reveal
that ssDNA recognition in solution is modulated by
base-stacking of four key aromatic residues within
the OB domain. This DNA binding mode differs signif-
icantly from the recently determined crystal structure
of the SOSS1 complex containing hSSB1 and ssDNA.
Our findings elucidate the detailed molecular mecha-
nism in solution of ssDNA binding by hSSB1, a major
player in the maintenance of genomic stability.
INTRODUCTION
Single-stranded DNA binding proteins (SSBs) are essential
for almost all DNA processing events, most notably DNA
repair (1). DNAdamage and subsequent repair can result in
the creation of single-strandedDNA (ssDNA), which is rec-
ognized and protected by SSBs. This family of SSBs contain
a structurally conserved DNA binding domain termed the
oligonucleotide/oligosacharide binding (OB) fold, which is
comprised of five -strands that associate in an anti-parallel
fashion to create a -barrel. However, both the number and
DNAbinding properties of OB domains vary among differ-
ent SSBs. For example, human replication protein A (RPA),
the most widely studied SSB in humans, contains multiple
OB domains (only some of which bind ssDNA) in three
different subunits (2–5). In contrast, bacterial and crenar-
chaeal SSBs have a ‘simple’ domain organization contain-
ing only one DNA binding OB domain followed by a diver-
gent spacer region and a charged unstructured C-terminal
tail that is known to interact with other important DNA
processing proteins (6–9).
In recent years, two new SSBs, hSSB1 and hSSB2 have
been discovered by data mining of the human genome us-
ing the protein sequence of the well characterized SSB from
the crenarchaeote Sulfolobus solfataricus (SsoSSB) as tem-
plate. In contrast to RPA, both of these proteins have a sim-
ple domain organization (10). One of these proteins, hSSB1,
was demonstrated to be critical for homologous recombi-
nation (HR), which repairs of one of the most lethal types
of DNA damage, double-stranded DNA breaks (DSBs). In
this process, the OB domain of hSSB1 recognizes and pro-
tects ssDNA, while the C-terminal part of the protein be-
comes phosphorylated at T117 by the ataxia telangiectasia
mutated kinase as part of a positive feedback loop in the
response to DSB damage (10). Subsequent work demon-
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strated that hSSB1 is essential for the recruitment of the
MRN (Mre11, Rad50 and NBS1) complex to DSBs and
the efficient resection of DSBs (11,12). In addition to the
hSSB1–MRN complex, hSSB1 was also shown to be part
of the SOSS1 complex (consisting of hSSB1, INTS3 and
C9orf80), which plays an important role in HR-mediated
DNA repair (13–15) and stimulates DSB resection by hu-
man Exonuclease 1 (hExo1), a member of the Rad2 family
of nucleases (16).
Besides its role in DNA repair, hSSB1 also regulates both
the stability and the transcriptional activity of p53 (17) and
binds and protects p21 from ubiquitin mediated degrada-
tion (18). More recently, the importance of hSSB1 in sta-
bilizing and repairing DNA replication forks (19) and in
the regulation of telomeres (20) was demonstrated. In the
latter, it was revealed that the interaction of hSSB1 with
single-stranded G-rich oligonucleotides (found in the G-
overhangs of telomeres) is essential for its function in telom-
ere maintenance. Overall, hSSB1 has been shown to play an
essential role in a wide range of important biological pro-
cesses where the ability of the protein to physically contact
DNA via its OB domain is paramount. Moreover, we have
demonstrated that hSSB1 acts very early in the DNA dam-
age response by directly binding to ssDNA independent of
any other molecule or component of either the SOSS1 or
the MRN repair complexes (11,12,15). For this reason, de-
termination of the molecular mechanism of ssDNA recog-
nition by hSSB1 in isolation is of significant interest.
In a recent study, Ren at al. (21) solved the structure of
the SOSS1 complex bound to ssDNA by X-ray crystallog-
raphy. Binding to ssDNAwas found to be exclusively medi-
ated by the OB domain of hSSB1. The structure indicated
that ssDNA recognition by hSSB1 within the SOSS1 com-
plex is achieved mainly by base-stacking of two aromatic
residues (W55 andF78).More recently, we found significant
differences in the DNA binding mode between the ssDNA-
bound structure of the structurally homologous SsoSSB
(root mean square deviation (RMSD) 0.82A˚) and the above
mentioned crystal structure (22). For example, while base-
stacking of two aromatic residues within hSSB1 is sufficient
for ssDNA recognition in the crystal structure, SsoSSB uti-
lizes three aromatic residues (all of which are conserved in
hSSB1). Closer inspection of the hSSB1 crystal structure
reveals a possible crystal packing effect caused by interac-
tion of ssDNA with the complex subunit INTS3 (SOSSA),
whichmay have distorted hSSB1 binding to the ssDNA and
could have caused the differences in ssDNA binding ob-
served between the SsoSSB and the hSSB1 complex struc-
tures. Another possible explanation for these differences is
that the interaction of hSSB1 with INTS3 causes allosteric
effects that induce structural changes in hSSB1 that can
modulate its DNA binding mode.
In this study, we analysed the structural properties of ss-
DNA binding by hSSB1 in isolation using solution-state
nuclear magnetic resonance (NMR) in combination with
biophysical and functional experiments as well as in silico
molecularmodellingmethods.We reveal that ssDNA recog-
nition by hSSB1 in solution is modulated by base-stacking
of four key aromatic residues (W55, Y74, F78 andY85) and
that the structural conformation of the ssDNA is conserved
between hSSB1 and SsoSSB.
MATERIALS AND METHODS
Plasmids and site-directed mutagenesis
BothGST-tagged full length hSSB1 (1-221, hSSB11-221) and
hSSB1 OB domain construct (1–123; hSSB11-123) were pre-
pared by directional cloning into pGEX-6P using the re-
striction enzymes BamHI and EcoRI. All hSSB11-123 mu-
tants used were synthesized by GeneArt (Regensburg, Ger-
many). The full-length 3× FLAG hSSB1 mammalian ex-
pression construct has been described previously (23). Site-
directed mutagenesis was used for the preparation of all
point-mutants described in Figure 5, as well as siRNA re-
sistant 3× FLAG hSSB1.
Recombinant protein expression
hSSB1 full-length and hSSB11-123 protein expression using
the Escherichia coli Rosetta 2 (for BioLayer interferome-
try (BLI)) or E. coli BL21(DE3) (for NMR) strain was in-
duced by addition of 0.2 mM IPTG at 25◦C for 16 h. Cells
were lysed by sonication in 10 mM MES, pH 6.0, 50 mM
NaCl, 3 mM TCEP, 0.5 mM PMSF, 0.1% Triton X-100.
Following centrifugation, the supernatant was subjected to
GSH affinity chromatography followed by HRV-3C pro-
tease cleavage overnight at 4◦C (leaving the 5-residue stretch
GPLGS at the N-terminus of the OB domain). The solu-
tion was applied to a HiTrap HP Heparin (2 × 5 ml tan-
dem, GE) column equilibrated with NMR buffer (10 mM
MES, pH 6.0, 50 mM NaCl, 3 mM TCEP). A 500 ml lin-
ear gradient comprising 50–1000 mM NaCl was used to
elute cationic proteins. Fractions corresponding to a dis-
tinct absorbance peak were analysed by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis, pooled, con-
centrated and loaded onto a Superdex-75 gel filtration col-
umn in NMR buffer or BLI buffer (10 mM Phosphate, pH
7.1, 50 mM NaCl, 1 mM ethylenediaminetetraacetic acid
(EDTA), 1 mM DTT). 15N- and 15N13C-labelled hSSB1
protein was prepared using the procedure of (24) in a 5-
l biofermenter and purified as described above. Protein
concentrations were determined using the absorbance at
280 nm and the theoretical molar extinction coefficient for
hSSB1.
Multi-angle laser light scattering (MALLS)
Size exclusion chromatography of hSSB11-123 coupled to
multi-angle laser light scattering (MALLS) was carried out
as described previously (25) inMALLS buffer (20 mMTris,
pH 7, 100 mM NaCl, 1 mM EDTA, 1 mM TCEP). Briefly,
250 g hSSB1-123 was applied to a Superose 12 (10/300)
analytical size exclusion column (GE healthcare) at 0.5
ml/min. MALLS was measured in tandem with size exclu-
sion chromatography using a MiniDawn solid-state laser
diode (Wyatt) measuring at three different angles (41.5◦, 90◦
and 138.5◦) at a wavelength of 690 nm.Monomeric BSA (66
kDa) was used as a reference to determine the molecular
weight of the target protein.
BioLayer interferometry (BLI)
The BLI steady-state analysis (Figure 4) was carried out
using a set of 8–10 appropriate protein concentrations.
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Proteins were bound to a 5′ biotinylated ssDNA oligonu-
cleotide (5′-AAATTTTTT-3′) in triplicate, using the BLItz
biosensor system (ForteBio). Streptavidin biosensors (For-
teBio) were equilibrated in a buffer containing 20 mM
HEPES and 100 mM NaCl (pH 7) for 24 h prior to use.
For each individual binding curve, an initial baseline was
performed (30 s), followed by the binding of the oligonu-
cleotide to the biosensor until saturation (60 s). Two fur-
ther baselines (30 s each) were carried out to transition to
BLI buffer. Each construct (in BLI buffer) was allowed be-
tween 90 and 180 s to reach an equilibrium state, followed
by a 60 s dissociation step. Average BLI equilibrium val-
ues were taken from the sensorgrams, plotted against the
respective protein concentrations and fitted using the Hill
equation (1:1 stoichiometry, steady-state model) in Origin
9.1.
NMR spectroscopy and data processing
NMR experiments were carried out using 0.2–0.8 mM
hSSB11-211 or hSSB1-123 in NMR buffer with 10% D2O
and 1:1 complexes of hSSB1-123 with oligo(dT)6 ssDNA
(purchased from Sigma Aldrich) at the same concentra-
tions. Mutant hSSB1-123 proteins (Figure 4) were prepared
at concentration between 50 and 500 M in BLI buffer.
Proton chemical shifts were referenced to 4,4-dimethyl-
4-silapentanesulfonic acid at 0 ppm. 13C and 15N chem-
ical shifts were referenced indirectly to the same signal.
All NMR experiments were recorded at 298 K on Bruker
400, 600 or 800 MHz spectrometers (Bruker Avance III)
equipped with 5-mm TCI cryoprobes. The spectra recorded
included 1D, 2D 15N HSQC, 2D 13C HSQC (aliphatic
and aromatic), 3D CBCA(CO)NH, 3D HNCACB, 3D
HNCO, 3D HN(CA)CO, 3D CC(CO)NH TOCSY, 3D
HCC(CO)NH TOCSY, 3D (H)CCH-TOCSY and 3D 15N
NOESY. All data were processed using Topspin (Bruker
Biospin) and assignments were made using Sparky (T. D.
Goddard and D. G. Kneller, University of California at San
Francisco). Calculation of weighted chemical shift changes
(Figure 2C) was carried out as described in (26).
HADDOCK modelling
The protein structure of hSSB1 (residue 5–111 containing
the OB domain) was taken from the crystal structure of
the SOSS1 complex (PDB ID: 4OWX) (21) and used as in-
put for HADDOCK (27,28), together with a model of ss-
DNA (oligo(dT)6) constructed in silico using the structure
of the ssDNA within the complex structure of SsoSSB as
a template (22). hSSB1 protein residues 15–17, 26–40, 52–
63 and 73–91 were defined as semi-flexible based on our
NMR data (Figure 2) and all six thymines of the ssDNA
were defined as semi-flexible and flexible. Eighty-three am-
biguous interaction restraints for both the protein and the
ssDNA were chosen based on our NMR data (Figure 2)
and our mutant data (Figure 4) and fixed at 2 A˚. Additional
restraints to maintain base planarity between the four aro-
matic residues (W55, Y74, F78 and Y85) and ssDNA bases
THY2, THY3 and THY5were used in the calculations. The
10 conformers with the lowest value of total energy of the
lowest-energy cluster were analysed and visualized using
PYMOL (Schro¨dinger, NY). Protein resonance of all back-
bone residues have been deposited into the BMRB database
(accession number 26 752), the structural coordinates of
the hSSB1–ssDNAmodel were deposited into the Figshare
data repository (DOI: 10.6084/m9.figshare.3422788) as the
RCSB PDB database does not currently accept molecular
models (29).
Cell culture, transfections and clonogenic survival assays
HeLa cells were obtained from the American Type Culture
Collection and maintained in Roswell Park Memorial In-
stitute medium supplemented with 10% foetal calf serum,
and grown in a humidified atmosphere at 37◦C and with
5% CO2. For the clonogenic survival assays, HeLa cells
were transfected with 50 nM of Stealth siRNA (Thermo
Fisher Scientific) targeting the hSSB1 transcript (siRNA se-
quence 5′-GCCCUUCCAGCAACCCUGUUAGUAA-3′)
or with a negative control sequence (Stealth siRNA nega-
tive control, med GC), twice over 48 h using Lipofectamine
RNAiMAX (Thermo Fisher Scientific). The following day,
cells were transfected with plasmids encoding hSSB11-211 or
W55A, F74A, F78A and Y85A siRNA-resistant 3× FLAG
hSSB11-211 mutants or with an empty vector, using Lipo-
fectamine 2000 (Thermo Fisher Scientific). After 6 h, cells
were then seeded into wells of a 6-well plate at a density
of 400 cells per well. Twenty-four hours post-seeding, cells
were exposed to 1, 2, 4 or 6 Gy of ionizing radiation (IR)
using a Gammacell 40 Exactor caesium-source irradiator,
or left untreated. Following 10 days of culture, cells were
fixed and stained with 4% methylene blue in methanol and
colonies manually counted. Assays were performed three
times and results displayed as the average relative colony
count ± standard error. Statistical analysis was performed
using Student’s t-test with a P-value of <0.05 considered
significant.
Immunoblotting
Whole cell lysates were prepared by suspension of HeLa
cells in radioimmunoprecipitation buffer (50 mM Tris pH
8.0, 150 mM NaCl, 0.1% sodium dodecyl sulphate, 0.5%
sodium deoxycholate, 1% Triton X100) containing protease
inhibitors (cOmplete, EDTA free; Roche), followed by son-
ication (Vibra-Cell, 3 mm probe; Sonics and Materials). A
total of 20 g of lysate was then separated by electrophore-
sis (4–20% Bolt Bis–Tris Plus gel; Thermo Fisher Scientific)
and transferred to nitrocellulose. Blots were blocked with
fish gelatin, before probing with primary antibodies. These
were subsequently detected with IRDye 680RD or 800CW-
conjugated donkey secondary antibodies (Li-Cor) and vi-
sualized using the Odyssey imaging system (Li-Cor). Sheep
antiserum against hSSB1 has been described previously
(10). Antibodies against FLAG and actin were purchased
from Sigma-Aldrich and BD Bioscience, respectively.
RESULTS
Four key aromatic residues in hSSB1mediate ssDNA binding
in solution
We have recently reported backbone chemical shift assign-
ments of a hSSB1 construct containing the OB domain
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Figure 1. hSSB1 OB domain sequence information. Sequence alignment of the OB domains of hSSB1, hSSB2, SsoSSB and RPA70B. Boxed residues and
residues in bold indicate aromatics that intercalate with ssDNA and residues involved in hydrogen bonding with ssDNA, respectively, whereas grey areas
indicate high sequence conservation. Note that the hSSB1 construct used in this study (hSSB11-123) comprises of the OB domain (sequence shown in this
Figure, residue 1–93) as well as parts of the flexible carboxyl-tail region (residues 94–123).
(hSSB11-123) in solution and have mapped the ssDNA bind-
ing interface (30). To first confirm that indeed the OB do-
main but not the carboxyl-tail (for OB domain sequence
information see Figure 1) mediates ssDNA binding we
recorded HSQC spectra of full-length hSSB1 (hSSB11-211)
in the presence (grey) and absence (black) of oligodeox-
ithymidine ssDNA (oligo(dT)6) (Figure 2A) and compared
these with the previously recorded spectra of hSSB11-123
(30) (Figure 2B). No significant difference between the two
spectra was observed indicating that the flexible carboxyl-
tail of hSSB1 is not involved in ssDNA binding. Calcula-
tion of weighted chemical shift changes (26) for hSSB1-123
upon binding to ssDNA revealed residues that undergo sub-
stantial changes in backbone structure and are thus highly
likely to be involved in ssDNA binding (Figure 2C). We
have mapped these residues onto the existing X-ray crys-
tal structure of hSSB1 (PDB ID 4OWX) (21) (Figure 2D,
coloured in salmon). Surprisingly, we were able to identify
two stretches of hSSB1 residues (as indicated in Figure 2C
and D) that exhibit large backbone chemical shift changes
but are not involved in ssDNA binding in the crystal lattice
of the published structure.
The interaction between the closely related (sequence
similarity of ∼55% and RMSD of 0.82 A˚ over all atoms of
the OB domain) SsoSSB (Figure 1) and ssDNA is strongly
mediated by base-stacking of three aromatic residues (W56,
W75 and F79) that are all conserved in hSSB1. In order
to test for the presence of NOEs between the homologous
aromatics in hSSB11-123 (W55, Y74 and F78) and ssDNA
we initially recorded 3D filtered aromatic NOESY experi-
ments at different temperatures in analogy to our SsoSSB
study (22). However, attempts to increase the temperature
above 298 K resulted in substantial protein degradation (as
expected for a human protein), whereas at 298 K and be-
low, some of the signals were experiencing intermediate ex-
change, preventing the observation of any intermolecular
NOEs. Despite the absence of any intermolecular NOEs
further NMR experiments (carried out at 298K) enabled us
to partly assign an aromatic 13C-HSQC in the presence and
absence of ssDNA (Figure 2E). As expected, we observed
significant chemical shift changes of the side chain protons
of W55 and Y74, whereas F78 could not be unambigu-
ously assigned. In good agreement with our 15NHSQCdata
(Figure 2B and C), side chain protons of a fourth aromatic
residue (Y85) also exhibited large chemical shift changes, in-
dicating that this residue plays amajor role in ssDNA recog-
nition. Overall, the magnitude of the observed chemical
shifts changes of all four aromatics in both 15N HSQC and
13CHSQC experiments is comparable with changes seen for
the three conserved aromatic residues in the SSoSSBprotein
(W56, W75 and F79) upon ssDNA binding (22), indicating
a major involvement of these residues in the recognition of
ssDNA in solution.
Close inspection of the protein sequence of hSSB1 re-
veals that the protein has two cysteine residues within the
OB domain (C41 and C81; Figure 1) and one just out-
side (C99) that may facilitate the formation of higher or-
der oligomers dependent on the presence or absence of any
reducing agents. To confirm that hSSB11-123 is monomeric
under the conditions used in our NMR and BLI experi-
ments, we employed tandem size exclusion chromatogra-
phy and MALLS (Figure 3). The observed MALLS peak
of hSSB11-123 corresponded to the theoretical size of a sin-
gle molecule in solution (Figure 3).
Mutational analysis confirms ssDNA binding interface
To confirm the involvement of these four aromatic residues
and to further define the ssDNA binding interface, we
made a series of hSSB11-123 alanine mutants based on our
HSQC data (Figure 2) and the sequence alignment be-
tween the OB domains of hSSB1 and SsoSSB (Figure 1).
Dissociation constants of the binding between full-length
hSSB1-211, hSSB11-123 as well as mutant hSSB11-123 proteins
and ssDNA (oligo(dT)6) were calculated using a steady-
state analysis (1:1 stoichiometry) from BLI data (Figure
4A–C and Supplementary Figure S1).We confirmed that all
constructs were correctly folded by 1H NMR spectroscopy
(Figure 4D). In good agreement with our NMR data (Fig-
ure 2A and B), no significant difference of the ssDNA bind-
ing affinity between full-length hSSB11-211 and hSSB11-123
could be observed, providing further evidence that the flex-
ible carboxyl-tail of hSSB1 is not involved in ssDNA recog-
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Figure 2. NMR analysis of hSSB1 OB domain in complex with ssDNA (oligo(dT)6). Sections of 15N-HSQC spectrum of full-length hSSB1 (hSSB11-211)
(A) and hSSB11-123 (B) in the absence (black) and presence (1:1 mixture, light grey) of oligo(dT)6, respectively. Assignments and directions of movement are
indicated. (C) Weighted backbone chemical shift changes of HN and N (26) atoms for hSSB11-123 upon binding to ssDNA. Residues exhibiting changes
larger than the average (solution binding residues) are coloured in salmon. Two stretches of residues (stretch 1 and 2) that exhibit larger than average
chemical shift changes but are not involved in ssDNA binding in the published X-ray crystal structure of the SOSS1 complex (PDB ID: 4OWX) (21) are
indicated. (D) Cartoon representation of the published crystal structure with solution binding residues coloured as in C and residue stretches 1 and 2
indicated. (E) Portion of 13C HSQC spectrum of hSSB1-123 in the absence (black) and presence (1:1 mixture, light grey) of oligo(dT)6, respectively.
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Figure 3. MALLS data of hSSB11-123 protein. Size-exclusion chromatog-
raphy traces of hSSB1-123 inMALLS buffer. The corresponding molecular
weight is indicated. Note that hSSB1-123 exist solely as monomer.
nition. All hSSB11-123 mutants revealed decreased binding
affinities compared to wild-type hSSB11-123 underscoring
the importance of these residues for DNA binding (Fig-
ure 4C and Supplementary Table S1). Notably, replacing
W55, F78 or Y85 with alanines resulted in very large in-
crease in the dissociation constants (∼6.5-10 times that of
hSSB11-123) further confirming that these aromatic residues
play a major role in the recognition of ssDNA.
Functional data confirm the importance of aromatic residues
for ssDNA recognition
To further corroborate our biophysical findings in a func-
tional environment, we carried out a clonogenic survival
assay using HeLa cells depleted of endogenous full-length
hSSB1 and transiently expressing siRNA resistant full-
length 3× FLAG tagged wild-type hSSB11-211 or W55A,
Y74A, F78A and Y85Amutants (Figure 5 and Supplemen-
tary Figure S2). As can be seen from Figure 5, expression
of wild-type hSSB11-211 was able to rescue depletion of en-
dogenous hSSB1 following induction of DNA damage by
IR. IR is routinely used to introduce DSBs in living cells
(31). In contrast to wild-type hSSB11-211, mutation of any
of the four aromatic residues led to significantly decreased
cell survival compared to the control. Taken together, these
data provide further strong evidence that ssDNAbinding by
hSSB1 in solution ismediated by four key aromatic residues.
A structural model of a hSSB1–ssDNA complex reveals
molecular details of ssDNA recognition in solution
Notably, a full structural calculation of hSSB1 alone or of
an ssDNA-bound complex was not possible due to the low
quality of our 3D NOESY experiments at 298 K and the
inability to change the temperature significantly (see also
above). However, our 13C and 15N HSQC data in combina-
tion with data from our mutational and functional assays
as well as the existing crystal structure of hSSB1 enabled
us to calculate a structural model of an hSSB1–ssDNA
complex (Figure 6). Figure 6A depicts the 10 best struc-
tures calculated from a total of 1000 HADDOCK struc-
tures displaying an RMSD of 0.24 A˚. Overall, the interac-
tion of hSSB1with ssDNAoccurs via the OB domain and is
predominantly mediated by base-stacking of the four aro-
matic residues W55, Y74, F78 and Y85 (boxed in Figure
1), consistent with the large chemical shift changes of these
residues observed in the 15N and 13CHSQCs (Figure 2).Hy-
drogen bonds observed in at least 50% of the family of 10
energy-best structures (Table 1 and Figure 6B) were identi-
fied between side chain protons of T30, H36, S53 and K79
(bold in Figure 1) and base as well as backbone protons of
THY3,THY4,THY5 and THY6. Notably, THY1 is disor-
dered in the structural model and does not form any con-
tacts with the protein.
DISCUSSION
Mechanism of DNA and protein binding of hSSB1 in contrast
to human RPA
Our data-driven hSSB1–ssDNA structural model provides
insight into the molecular details of ssDNA recognition by
the single OB domain of hSSB1. In the context of DNA
binding, themain difference betweenRPA, the other impor-
tant SSB in humans and hSSB1 is the presence of additional
OB domains within RPA.
In contrast to hSSB1, human RPA is trimeric (RPA70,
RPA32 and RPA14) and possesses four ssDNA binding
OB domains within two of the three subunits (RPA70 and
RPA32). To date, four different DNA binding configura-
tions have been described. The first configuration is facili-
tated by the second and third RPA70 OB domains (denoted
DBD A and B) binding in a linear arrangement to ssDNA
with low-affinity, occluding a region of ∼8 nucleotides (nt)
(32). The second configuration (12–23 nt mode) represents
DBD A, B and C (the first RPA70 OB domain) binding to
ssDNA (33,34). The additional contribution of the DBDD
OB-fold (the single RPA32 OB domain) then allows RPA
to bind ssDNA with high-affinity, where either ∼23–27 nt
(33) or ∼30 nt are occluded (35,36). Major structural rear-
rangements are linked to transitions between these discrete
states, and associated with that is a difference in the ability
to contact other proteins (in particular throughDBDAand
B domains) (35).
hSSB1, on the other hand, recognizes ssDNA solely
through its single OB domain. While our recent data
demonstrated that hSSB1 is able to recognize ssDNA at
DNA damage sites independently of any other molecules,
the protein is also part of two well-characterized multi-
protein complexes that are essential for DNA DSB repair
(SOSS1 and MRN complex) (11–13,21). Whereas INTS3
in the SOSS1 complex contacts the OB domain opposite to
theDNAbinding site, protein binding in theMRNcomplex
is via the flexible carboxyl tail of hSSB1. It is possible that
the interaction with either INTS3 or MRN modulates the
DNAbindingmode of hSSB1. Further, although hSSB1 ex-
ists as amonomer in both complexes, the existence of hSSB1
homo-dimers and tetramers have recently been described as
a consequence of hSSB1 oxidation in the response to oxida-
tive DNA damage (23,37). In this context, it was found that
oxidized hSSB1 binds with increased affinity to DNA con-
taining 8-oxoguanines that form by oxidation with reactive
oxygen species. This is in contrast to RPA, which exhibits
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Figure 4. Mutational analysis revealing critical ssDNA binding residues of hSSB1. (A) A representative BioLayer Interferometry (BLI) binding curve of
wild-type hSSB11-123 (concentrations used were 125, 250, 500, 1000, 2000, 4000, 8000 and 16000 nM). (B) Graph showing steady state equilibrium values
taken from A as a function of the protein concentration and fit to a 1:1 binding curve (Hill equation). (C) Summary of dissociation constants (± standard
error) for wild-type hSSB11-211, wild-type hSSB1-123 and various hSSB1-123 alanine mutants, for binding to ssDNA, as measured by BLI. Three to four
independent protein preparations of eachmutant at different concentrations (ranging from125–512 000 nM) have been utilized to calculate the dissociations
constants. (D) 1H NMR spectra of all used mutants (recorded at 298 K) showing that each is correctly folded. The utilized protein concentrations were
between 50 and 500 M. Note the different resolutions of the recorded spectra due to different magnetic field strengths used (400, 600 or 800 MHz).
Table 1. Hydrogen bonds
H-atom pair D0istance (A˚) Angle (o)a Number (of 10)
T30.HG1–THY5.O1P 2.3 ± 0.0 26 ± 4 9
H36.HD1–THY3.O2 2.1 ± 0.0 12 ± 1 7
S53.HG–THY4.O2 2.2 ± 0.0 28 ± 1 5
K79.HZ1–THY6.O4 2.2 ± 0.0 23 ± 2 9
aAngle between the line from the atom connected to the donor and the donor and the line from the atom connected to the donor and the acceptor.
 at U
niversity of W
estern Sydney on Septem
ber 12, 2016
http://nar.oxfordjournals.org/
D
ow
nloaded from
 
70
8 Nucleic Acids Research, 2016
Figure 5. Functional assay confirms the importance of the four key
aromatics for ssDNA binding. Survival curves from a clonogenic as-
say of U2OS cells depleted for wild-type hSSB11-211. Non-depleting
negative control (scramble), sihSSB11-211, siRNA-resistant flag-tagged
hSSB11-211 (+hSSB11-211) and siRNA-resistant flag-tagged hSSB11-211
mutants (+hSSB11-211 W55A, + hSSB11-211 Y74A, + hSSB11-211 F78A
and + hSSB11-211 Y85A), respectively, were transfected into cells. All
points represent the mean ± standard error from three independent ex-
periments. Note the significant difference between cell surviving fraction
of control and all hSSB11-211 mutants (P < 0.05).
Figure 6. The hSSB1–ssDNA complex solution model. (A) Overlay of
family of 10 hSSB1–ssDNAHADDOCKcomplex structures with the low-
est total energy in cartoon representation. (B) Cartoon (hSSB1) and stick
(ssDNA) representation of the energy-lowest complex structure. The four
aromatic residues (W55, Y74, F78 and Y85) that intercalate with the ss-
DNA, all residues that form hydrogen bonds (black, dashed line) as well
as all DNA bases are indicated.
varying DNA binding affinities depending on the number
and structural arrangement of its individual OB domains.
Further biophysical and structural studies are required to
explore the possibility that oxidation-induced oligomeriza-
tion of hSSB1 results in a change in ssDNA binding modal-
ity.
Binding affinity and specificity of the hSSB1–ssDNA inter-
action
In this study, we have used BLI tomeasure dissociation con-
stants for the interaction of hSSB1 with ssDNA of ∼3.5
M, which is slightly weaker than obtained by ITC (1.5
M) in an earlier study (10). However, in the latter study
substantially longer oligomers (30mers) were utilized un-
der slightly different experimental conditions. In contrast,
binding of the closely related SSB from SsoSSB to ssDNA
is significantly tighter (dissociation constant of ∼180 nM)
(22). Although it has been shown that an increasing number
of hydrogen bonds between proteins is often correlated with
stronger binding affinity (38), this concept remains contro-
versial as the hydrogen bonding process continuously com-
petes with bulk water (39). However, given the high struc-
tural similarity between hSSB1 and SsoSSB (RMSD over
OB fold is 0.82A˚), the large difference in the dissociation
constant is likely due to the different number of hydrogen
bonds present (4 in hSSB1 versus 7 in SsoSSB).
Although SSBs from the OB domain family are gener-
ally classified as non-specific DNA binders, it was previ-
ously found that the identity of the DNA bases also plays
an important role for hSSB1 binding capacity (10,20); the
larger adenine base is not as thermodynamically favourable
for binding which is thought to be due to steric hin-
drance and/or inefficient base-stacking with the aromatic
side chains (40–42). This is consistent with other SSB pro-
teins from both prokaryotes and eukaryotes, which gener-
ally bind with highest affinity to poly-thymine and poly-
cytidine and with lower affinity to poly-adenines. Our
hSSB1–ssDNA structural model displays base-stacking of
four key aromatic residues as opposed to two in the E. coli
SSB–ssDNA (43) complex and three in the SsoSSB–ssDNA
complex (22), indicating that the dependency of the binding
affinity on the identity of the DNA base is strongest in the
human protein.
The solution structure of hSSB1–ssDNA differs significantly
from the crystal structure
Comparison of ssDNAbinding by hSSB1 in solution versus
the crystal (21) reveals three important differences (Figure
7):
Firstly, as mentioned previously, the number aromatic
residues that intercalate with the ssDNA is different; in ad-
dition to W55 and F78 our solution model also revealed
intercalation of residues Y74 and Y85 with ssDNA (Fig-
ure 7A and C). Interestingly, in contrast to our BLI exper-
iments, electrophoretic mobility shift assays (EMSAs) us-
ing Y74A and Y85A mutant proteins and ssDNA did not
reveal any change in binding affinity (21). However, these
discrepancies are likely due to differences between the two
techniques. For example, whereas BLI has been shown to
be able to detect very small differences in interactions with
affinity constants in the nMor subnanomolar range (44,45),
dissociation of protein–DNA complexes as well as diffusion
of both free ssDNA and ssDNA–protein complexes within
the gel matrix can make it challenging to accurately mea-
sure complex formation with small association constants or
small differences thereof in EMSAexperiments (46,47).No-
tably, whereas Y74 was found not to contact the ssDNA at
all in the crystal, the terminal hydroxyl group of Y85 was
shown to form a hydrogen bondwith the ssDNA (21). How-
ever, our NMR data (Figure 2) revealed major structural
changes in both backbone and sidechain of Y85, consistent
with ssDNA base-stacking of this residue in solution.
The second important difference between our hSSB1–
ssDNA solution model and the crystal structure is the spac-
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Figure 7. DNA binding mode of hSSB1 in solution versus crystal and comparison with SsoSSB. Cartoon and stick representation of complex structures
of hSSB1 (solution model) (A), Sulfolobus solfataricus SSB (SsoSSB, PDB ID: 2MNA) (B) and hSSB1 (X-ray crystal structure, PDB ID: 4OWX) (C),
respectively, bound to ssDNA. The structure in A has been rotated by 90◦ counter clockwise about the vertical axis when looking from above relative to
Figure 6; the structures in B and C are shown in the same orientation as in A. All protein aromatic residues that intercalate with the ssDNA are indicated.
Note that panel C additionally depicts the symmetry related molecule INTS3 (SOSSA) as part of the crystal structure of the entire SOSS1 complex (PDB
ID: 4OWX) as well as hydrogen bonds and electrostatic interactions between the backbone and bases of the ssDNA and INTS3. (D) Schematic showing
DNA binding mode of hSSB1–ssDNA solution complex (top left), SsoSSB–ssDNA (top right) and hSSB1–ssDNA crystal structure (bottom), respectively.
ing between all four aromatics with respect to the ssDNA
(Figure 7D). Whereas both W55 and Y78 base-stack with
two adjacent ssDNA bases in the crystal, a one-base gap ex-
ists (the base which stacks with Y85) in the corresponding
ssDNA sequence in solution.
Finally, the structural conformation of the ssDNA in our
hSSB1 complex structure resembles the one found in the
closely related SsoSSB structure (Figure 7B), but is substan-
tially different to the hSSB1 crystal structure.
Importantly, in the crystal structure a symmetry-related
INTS3 (SOSSAN) molecule interacts with the DNA sup-
ported by a large network of hydrogen bonds and electro-
static interactions between five residues (E132, R295, R298,
T311, S408) and backbone as well as side-chain base atoms
of the ssDNA (Figure 7C) (21). These interactionsmay have
distorted hSSB1 binding to the DNA and may have caused
the unusual conformation of the ssDNA in the crystal lat-
tice. We also cannot rule out the possibility that the direct
interaction of INTS3 with hSSB1 (at the opposite site to the
ssDNA) has caused the described differences in the DNA
binding mode of the crystal structure.
In conclusion, the defining feature of the hSSB1–ssDNA
complex solution structure is the base-stacking of four aro-
matic residues (W55, Y74, F78, F85), three of which (W55,
Y74 and F78) are conserved in the closely related SsoSSB,
with four ssDNA bases. Our structural analysis has also
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revealed that significant differences exist between ssDNA
recognition by hSSB1 in solution compared to the crystal
environment. The data presented here is important in un-
derstanding themolecular mechanism of the interaction be-
tween hSSB1 and ssDNA, especially since blocking ssDNA
binding by hSSB1 in tumour cells may be of significant in-
terest for the development of novel cancer therapeutics.
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these differences and thus help to gain a more comprehen-
sive understanding of the functional divergences that these 
novel hSSBs display in the context of genome maintenance.
Keywords DNA repair · NMR · hSSB1 · hSSB2 · SSBs
Biological context
Single stranded DNA-binding proteins (SSBs) are ubiqui-
tously present in all known cellular organisms (Mushegian 
and Koonin 1996) including viruses (Newport et al. 1981; 
Sun and Shamoo 2003). This gives credence to their vital 
role in maintaining the integrity of the genome by coor-
dinating many DNA metabolic events which include DNA 
replication, recombination, and repair (Richard and Khanna 
2009). SSB proteins bind single-stranded DNA (ssDNA) via 
a highly conserved oligonucleotide-binding (OB) domain 
and function to temporarily bind and protect exposed ssDNA 
generated during these events (Murzin 1993; Suck 1997). 
They also typically possess additional structured or unstruc-
tured regions that are involved in protein–protein interac-
tions that orchestrate downstream processing of DNA.
The ssDNA-binding OB domain is made up of a five-
stranded bent antiparallel β-sheet that forms a closed 
β-barrel, which is conserved across organisms from all 
three domains of life. Crenarchaeal and bacterial SSBs 
display a ‘simple’ domain organisation with only one 
OB fold followed by a flexible C-terminal extension, 
whereas the extensively studied human replication protein 
A (hRPA) has multiple OB domains distributed across 
three subunits (Iftode et al. 1999). Over the last decade, 
we have characterized the biological role and molecu-
lar details of two new human SSBs, hSSB1 (NABP2/
OBFC2B/SOSSB1) and hSSB2 (NABP1/OBFC2A/
Abstract Single stranded DNA-binding proteins (SSBs) 
are essential for the maintenance of genome integrity and 
are required in in all known cellular organisms. Over the 
last 10 years, the role of two new human SSBs, hSSB1 
(NABP2/OBFC2B) and hSSB2 (NABP1/OBFC2A), has 
been described and characterised in various important DNA 
repair processes. Both these proteins are made up of a con-
served oligonucleotide-binding (OB) fold that is responsible 
for ssDNA recognition as well a unique flexible carboxy-
terminal extension involved in protein–protein interactions. 
Due to their similar domain organisation, hSSB1 and hSSB2 
have been found to display some overlapping functions. 
However, several studies have also revealed cell- and tissue-
specific roles for these two proteins, most likely due to small 
but significant differences in the protein sequence of the OB 
domains. While the molecular details of ssDNA binding by 
hSSB1 has been studied extensively, comparatively little is 
known about hSSB2. In this study, we use NMR solution-
state backbone resonance assignments of the OB domain of 
hSSB2 to map the ssDNA interaction interface. Our data 
reveal that ssDNA binding by hSSB2 is driven by four key 
aromatic residues in analogy to hSSB1, however, some 
significant differences in the chemical shift perturbations 
are observed, reflecting differences in ssDNA recognition. 
Future studies will aim at determining the structural basis of 
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SOSSB2), both of which have a simple domain organi-
sation (Ashton et al. 2013, 2016, 2017; Bolderson et al. 
2014; Croft et al. 2017; Kariawasam et al. 2016; Paquet 
et al. 2015, 2016; Richard et al. 2008, 2011a, b; Richard 
and Khanna 2009; Touma et al. 2016, 2017).
Mouse models and mammalian cell line experiments 
have shown that SSB1 and SSB2 display some overlap-
ping functions (Huang et al. 2009; Li et al. 2009). For 
example, both human SSBs (hSSB) have been shown to 
be important in the repair of DNA double strand breaks 
via HR (Paquet et al. 2015; Richard et al. 2008, 2011a) 
and the UV induced DNA damage response (Richard et al. 
2008). A more recent study has shown that both mouse 
SSB1 and SSB2 (mSSB1 and mSSB2, respectively) func-
tion cooperatively to alleviate replication induced stress 
in hematopoietic and progenitor stem cells (Shi et al. 
2017). However, there are some important differences in 
the protein sequences of hSSB1 and hSSB2, both in the 
OB fold, and to a larger extent in the disordered C-ter-
minal extension. These differences most likely result in 
significant structural and functional divergences as well 
as cell- and tissue-specific roles for hSSB1 and hSSB2. 
Indeed, higher expression levels of SSB2 compared to 
SSB1 in the testis, spleen and thymus in mice point to a 
specific role of SSB2 in repair and recombination in these 
tissues (Boucher et al. 2015; Kang et al. 2006). More 
recently, Vernin et al., have reported that hSSB2 can be 
downregulated by tumor suppressor miRNAs, miR17 and 
miR21, which results in increased genomic instability 
and abnormal cell proliferation (Vernin et al. 2014). Fur-
thermore, in contrast to mSSB1, depletion of mSSB2 in 
wild-type MEFs revealed rapid cell death demonstrating 
a critical role in cell viability at early embryonic stages 
(Feldhahn et al. 2012; Gu et al. 2013). A hSSB2/RARA 
fusion gene, where the C-terminal extension of hSSB2 is 
deleted, has also been reported to result in variant acute 
promyelocytic leukaemia, showing for the first time an 
involvement of hSSB2 in human disease (De Braekeleer 
et al. 2014; Won et al. 2013).
While we have recently described a data-driven model 
of the solution structure of the OB domain of hSSB1 
bound to ssDNA (Kariawasam et al. 2016; Touma et al. 
2016), comparatively little is known about the molecular 
details of ssDNA recognition by hSSB2. In this study, 
we present the solution-state backbone resonance assign-
ments of hSSB2 at 298 K as determined by NMR. We 
have also mapped the DNA-binding interface of hSSB2 
which reveals similarities and differences in the binding 
mode between hSSB1 and hSSB2. These data will further 
our understanding of the important functional differences 
that exist between these two essential human SSBs.
Methods and experiments
Protein expression and purification
An Escherichia coli codon-optimised construct of hSSB2 
OB (1-125) (GeneArt) was directionally cloned into a 
pGEX6p vector (with a GST expression tag) using BamHI 
and EcoRI restriction sites. Protein expression of this con-
struct was achieved in BL21(DE3) E. coli cells, and induced 
with 0.2 mM IPTG at 25 °C for 16 h. The harvested cells 
were lysed via sonication in lysis buffer (10 mM MES, pH 
6.0, 50 mM NaCl, 3 mM TCEP, 0.5 mM PMSF, 0.1% Triton 
X-100). The soluble fraction extracted using centrifugation
was purified via GSH affinity chromatography, followed by
HRV-3C protease cleavage at 4 °C overnight (leaving five
additional residues GPLGS, on the N-terminus of the OB
construct). The cleaved protein was loaded onto a HiTrap HP
Heparin (GE) column equilibrated with NMR buffer (10 mM
MES, pH 6.0, 50 mM NaCl, 3 mM TCEP). A 500-mL linear
gradient consisting of 50–1000 mM NaCl was used to elute
hSSB2 protein. SDS-PAGE was utilised to analyse the frac-
tions which corresponded to a distinctive absorbance peak
from the cationic gradient elution, and fractions identified
as hSSB2 were pooled and concentrated. The concentration
of hSSB2 was determined using the theoretical extinction
coefficient for hSSB2 and the absorbance value at 280 nm.
NMR Spectroscopy & data processing
NMR experiments were performed using ~ 0.1–0.5 mM 
hSSB2 OB construct in NMR buffer containing 10%  D2O. 
Proton chemical shifts were referenced to 4,4-dimethyl-
4-silapentanesulfonic acid (DSS) at 0 ppm. 13C and 15N
chemical shifts were referenced indirectly to the same signal.
1H15N-HSQC, 1H 13C-HSQC, 1H15N13C CBCA(CO)NH,
1H15N13C HNCACB, 1H15N13C HNCO, 1H15N13C HN(CA)
CO and 1H15N-NOESY NMR spectra were recorded on
either a 800 or 600 MHz spectrometer (Bruker Avance III)
equipped with 5-mm TCI cryoprobes at 298 K. The chemical
shifts of DNA-bound 15N13C hSSB2 were unambiguously
identified by gradual additions of 0.2, 0.4, 0.6, 0.8 and 1
equimolar volumes of 6T (6 × Thymines) ssDNA (HPLC
purified; Sigma-Aldrich). The data collected were processed
using Topspin (Bruker Biospin) and assignments were made
using Sparky (Goddard and Kneller, University of California
at San Francisco).
Assignments and data deposition
The hSSB2 construct utilized throughout this study con-
tained the complete OB fold domain (1–125) and an addi-
tional five residues as a result of the HRV-3C cleavage. The 
76
Backbone 1H, 13C and 15N resonance assignments of the OB domain of the single stranded…
1 3
1H15N HSQC spectrum of folded hSSB2 is shown in Fig. 1. 
Apart from residue N2 and all proline residues, all backbone 
chain atoms were assigned (99.6% completeness). Notably, 
in analogy to the closely related hSSB1 protein (Kariawasam 
et al. 2016; Touma et al. 2016), spectra recorded to obtain 
side-chain chemical shift assignments were not of sufficient 
quality, most likely due to signals experiencing intermediate 
exchange. Further attempts to improve the quality of the 
spectra by increasing the temperature above 298 K [a strat-
egy that proved successful for the related SSB from Sulfolo-
bus solfataricus (Gamsjaeger et al. 2013, 2014)] resulted 
in substantial protein degradation, as expected for a human 
protein. All chemical shifts (including unusual ones such 
as K15) have been verified (using the assignment program 
and software provided by the BioMagResBank BMRB) and 
deposited into the BMRB (http://www.bmrb.wisc.edu) under 
the Accession Number 27184.
Additionally, the DNA-binding interface of hSSB2 in 
solution has been mapped and compared to the previously 
published DNA-binding interface of hSSB1. Figure 2a 
depicts a portion of a 1H 15N HSQC spectrum of hSSB2 in 
the absence and presence of 6T ssDNA. Further analysis 
of the weighted chemical shift perturbations (Ayed et al. 
2001) from 1H 15N-HSQC spectra of hSSB2 compared to 
hSSB1 reveals the important role that aromatic residues 
(shown in blue) play in the recognition of ssDNA (Fig. 2b). 
More specifically, hSSB2 residues W59, F78, W82 and Y89, 
which are conserved in hSSB1 (W55, Y74, F78 and Y85), 
exhibit significant chemical shift changes upon the addition 
of ssDNA. The similarity between the chemical shift profiles 
of both SSBs indicates that hSSB2 utilises mostly the same 
set of residues for ssDNA-binding as hSSB1. For instance, 
based on the chemical shift change of H40 in hSSB2, the 
hydrogen bond formation between this residue and ssDNA 
in hSSB1 is most probably conserved in hSSB2. However, 
there are likely small but important differences in ssDNA 
recognition between the SSBs. For example, closer inspec-
tion of the chemical shifts changes of lysines 35 and 83 in 
Fig. 1  1H 15N-HSQC spectrum of hSSB2 OB domain (1–125 with 
five additional residues from HRV-3C cleavage, ~ 0.5 mM) showing 
backbone amide resonances. Note that for clarity, residues 41, 42, 
48, 55, 89 and 103 located to the left of the centre of the spectrum 
and residues 5, 9, 25, 96, 97 and 123 to the right of the centre of the 
spectrum are not labelled. The spectrum was recorded at a proton 
resonance frequency of 800 MHz at 298 K in 10 mM MES, pH 6.0, 
50 mM NaCl, 3 mM TCEP
Fig. 2  a Section of the 1H 15N HSQC spectrum of ~ 0.3 mM hSSB2 
alone (black) and a 1:1 mixture of hSSB2 and ssDNA (6T, grey). 
Assignments and directions of movement are indicated. b Weighted 
backbone chemical shift changes of HN and N atoms (Ayed et  al. 
2001) for hSSB2 (top) and hSSB1 (bottom) (Touma et  al. 2016) 
upon binding to ssDNA. Note that residue numbers of hSSB2 differ 
by four compared to hSSB1 based on the sequential alignment of the 
SSBs [see Fig. 1 in Touma et al. (2016)]. Residues exhibiting changes 
larger than the average are coloured in red or blue. Aromatic residues 
(conserved between hSSB1 and hSSB2) that are essential for ssDNA-
binding are coloured in blue
77
R. Kariawasam et al.
1 3
hSSB2 (Fig. 2) reveals that the role of these residues in 
ssDNA-binding could be the exact opposite to hSSB1 (cor-
responding residues K31 and K79, respectively). While K35 
may be in involved in ssDNA-binding (significant chemi-
cal shift change), K83 is likely not important (minor shift 
change), as opposed to hSSB1 where K31 displays no con-
tacts to any DNA bases and K79 forms a hydrogen-bond 
with the ssDNA.
Overall, our data show that the ssDNA-binding interface 
is conserved between hSSB1 and hSSB2, with minor but 
significant differences, potentially contributing to changes 
in binding. Future studies using NMR and other biophysi-
cal experiments will help distinguish the molecular details 
of ssDNA recognition and thus help to gain a more com-
prehensive understanding of the functional differences that 
these novel hSSBs display in the framework of genome 
maintenance.
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 Summary  4.2
In this chapter, I have established a common structural mechanism of ssDNA binding 
between SsoSSB and the simple SSBs from humans. These SSBs utilise three conserved 
aromatic residues to base-stack with the DNA, with hSSB1/2 employing an additional 
aromatic residue in this process.  
The 15N-HSQC NMR spectrum of the hSSB1 OB domain (residues 1-123) in complex 
with ssDNA (Paper 1) was used to map the DNA binding interface of this interaction 
based on the weighted chemical shift change of the peaks involved in binding. Paper 2 
presents a structural model of this complex showing ssDNA making base-stacking 
contacts with 4 aromatic residues (W55, Y74 and F78 and Y85), in contrast to the 
involvement of only 3 aromatic residues seen in the recently published crystal structure 
(84). It is also observed that the Y74A mutant does not show a dramatic drop in Kd that 
is seen for mutations of the other key aromatic residues. However, the significant 
chemical shift seen for this residue upon binding to ssDNA in both the 15N and 13C-
HSQC spectra point to the significance of the Y74 residue for this interaction.  
Paper 3 presents the 15N-HSQC NMR spectrum of the hSSB2 OB domain (residues 1-
125) in complex with ssDNA. hSSB2 residues W59, F78, W82 and Y89, which are 
conserved in hSSB1, exhibit significant chemical shift changes upon addition of 
ssDNA.   Further analysis of the weighted chemical shift changes of the 15N HSQC 
peaks upon DNA binding shows a conserved DNA binding interface between SsoSSB 
and the two human SSBs.  
The differences in binding details between the published crystal structure and our 
solution structure of the hSSB1-ssDNA complex are possibly due to crystal packing 
effects as explained in Touma et al., 2016  (89). However, it cannot be ruled out that 
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this may also be a consequence of a conformational change in hSSB1 while 
participating in the SOSS1 complex. If the latter is true, the mechanism of binding may 
also be affected by oligomerisation of hSSB1, which is observed under oxidative 
conditions (26,77). Future structural studies are required to examine this further.  
hSSB1 and hSSB2 have both been shown to function in DNA repair processes and are 
thought to play a role very early on in these events (22,72-74,78). Consequently, these 
SSBs may have the ability to directly bind small DNA damages or small single-stranded 
bubble-like regions in a DNA duplex. The assigned 15N-HSQC spectra of hSSB1 and 
hSSB2 presented in this chapter will now allow us to uncover how these proteins bind 
these damages at a molecular level, contributing to a further understanding of how 
hSSB proteins function in the cell.  
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 Overview 5.1
Protein – DNA interactions have been studied extensively, as they are central to a 
number of cellular processes. In view of this, various in vitro techniques have evolved 
to help elucidate biochemical and biophysical details of these interactions. These 
techniques however, come with their own advantages and shortcomings, and therefore 
need to be chosen carefully to fulfil specific experimental needs. 
The core of my thesis is studying how SSB proteins interacted with ssDNA at a 
biophysical and structural level.  My interest was largely focussed on obtaining affinity 
constants for the interactions between the SSB proteins I was working on and DNA 
constructs.  The type and methodology of the experiments performed varied depending 
on the intention of the experiment, whether it was examining the effect of different 
protein mutants or the effect of DNA variants (length and adducts) on affinity constants.  
The principle techniques I used to study SSB-ssDNA interactions were Surface Plasmon 
Resonance (SPR) using the BIAcore system (GE), Microscale thermophoresis (MST) 
and BioLayer interferometry (BLI). In addition to these, Electrophoretic Mobility Shift 
Assays (EMSA) were also routinely used. In this chapter, using the data I obtained from 
my SSB-DNA interactions studies, I present a paper discussing the main advantages and 
limitations of the above-mentioned techniques with the exception of BLI. The 
comparison presented here will help to identify which method to choose based on the 
specifics of the system being studied. 
One of the Protein-DNA interaction probing techniques used frequently in my studies 
was SPR. In order to use SPR for a range of DNA variants (such as, for example, point 
mutants or DNA oligonucleotides with varying length) multiple SPR chips need to be 
used to facilitate these studies, resulting in longer data acquisition times. Additionally, 
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this can add to a significant increase in cost due to the expensive nature of the 
consumable SPR chips.  In this chapter I present a second paper outlining a novel 
method that circumvents these problems by applying quantitative and semi-quantitative 
competition experiments. 
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Abstract: Cell viability is only possible due to a dynamic range of essential nucleic acid-protein com-
plex formation. DNA replication and repair, gene expression, transcription and protein synthesis are 
well-known processes mediated by nucleic acids (DNA and RNA) - protein interactions. Novel nucleic 
acid- protein complexes have been identified in the past few years aided by the development of nu-
merous new techniques such as RNA capture or Tandem RNA Affinity Purification (TRAP). How-
ever, the biophysical and biochemical details of these interactions are mostly unknown. Here, we pre-
sent three techniques (Electrophoretic Mobility Shift Assays, Microscale Thermophoresis and Surface 
Plasmon Resonance) that are commonly used to quantify and characterize DNA-protein and RNA-protein interactions and 
discuss their main advantages and limitations. 
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INTRODUCTION 
Several fundamental cellular processes rely on protein-
protein, RNA-protein and DNA-protein interactions to func-
tion properly. As an example, DNA-protein interactions play 
an essential role in DNA replication, repair, recombination, 
epigenetics and transcription, whereas RNA-protein interac-
tions have been known to coordinate and regulate gene ex-
pression involving transcriptional regulation, gene silencing, 
editing and translation [1, 2]. Moreover, the Encyclopedia of 
DNA Elements (ENCODE) project has revealed a large 
number of transcripts that do not code for proteins, thus 
forming a new class of RNAs termed non-coding RNAs [3]. 
The ENCODE project has uncovered a significant amount of 
data indicating that an abundant number of transcripts bind 
to transcription factors (DNA) or regulatory proteins (non-
coding RNA) further confirming the importance of nucleic 
acids-protein interactions in the context of gene regulation 
[4].  
These discoveries have led to the development of a 
plethora of techniques for identifying novel protein-nucleic 
acid interactions in vivo and in vitro. To identify and study
nucleic acid-protein interactions in vivo, techniques such as
chromatin immunoprecipitation (ChIP) and DNA adenine 
methyltransferase identification (DamID) are now com-
monly used [5]. In addition, in-depth methods to identify 
*Address correspondence to these authors at the School of Molecular Bio-
science, University of Sydney, NSW, 2006, Australia and School of Science 
and Health, University of Western Sydney, Penrith, NSW, 2751, Australia; 
E-mails: sandro.ataide@sydney.edu.au; 
R.Gamsjaeger@uws.edu.au; L.Cubeddu@uws.edu.au 
#These authors contributed equally to this paper. 
DNA-protein [2] and RNA-protein [1] interactions have re-
cently been developed (please refer to [1] for a review on 
approaches to identify the RNA-protein interactions and [2, 
5] on identifying DNA-protein interactions). For example,
new RNA-protein interactions can be identified using differ-
ent approaches in an RNA-centric (RNA capture, Tandem 
RNA affinity purification - TRAP) or protein-centric manner 
(Glutathione‐S‐transferase - GST pull-down, immuno-pull-
down - IP) [1]. These methods all allow for the determina-
tion of previously unknown protein-RNA interactions using 
known RNA or proteins as targets in a cellular extract. Mass 
spectrometry or protein library screening are commonly used 
tools that can further aid in the accurate identification of 
these interactions.  
However, all of these techniques, while able to correctly 
identify novel nucleic acids-protein complexes, cannot be 
used to study the molecular details of these interactions, an 
essential requirement to understand how proteins and nucleic 
acids cooperate in vivo. There are several methods that have
been developed to biophysically characterize these interac-
tions. Different physical principles are employed to explore 
and quantify nucleic acid-protein complexes. Here we de-
scribe three different, commonly used methods highlighting 
specific advantages as well as limitations: Electrophoretic 
Mobility Shift Assays (EMSA), Microscale Thermophoresis 
(MST) and Surface Plasmon Resonance (SPR). We use the 
interactions between the human signal recognition particle 
(SRP) protein (SRP72) and truncated SRP RNA as well as 
human single-stranded protein 2 (hSSB2) and single-
stranded DNA (ssDNA) as two model systems to demon-
strate the main principle of these techniques. 
18??-????/15 $58.00+.00 © 2015 Bentham Science Publishers
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MATERIALS AND METHODS 
Cloning, Expression and Purification of Human SRP72 
(a.a. 535-601) and Human SSB2 (a.a. 1-132) 
The SRP72 construct was amplified by PCR with syn-
thetic oligonucleotides compatible for ligase independent 
cloning (LIC) from Integrated DNA Technologies (IDT, 
Coralville, IA) using a synthetic gene ordered from Gen-
Script (Piscataway, NJ) in a pUC57-Amp vector and 
cloned into pLIC-HK vector. N-terminally His-TEV-tagged 
SRP72 (a.a. 535-601) was overexpressed in Escherichia 
coli BL21-Gold(DE3)pLysS (Agilent Technologies, Mul-
grave, VIC) grown on LB medium containing kanamycin 
(25 mg mL
-1
) and chloramphenicol (34 mg mL
-1
) incu-
bated at 37 °C to an OD600nm of ~0.3. The temperature was 
decreased to 25 °C and further incubated to an OD600nm of 
0.6. Protein expression was induced for 6 h at 25 °C with 
0.5 mM IPTG. Cells were harvested using centrifugation, 
snap-frozen and stored at -20 °C until purification. Frozen 
cell pellets were thawed and resuspended in lysis buffer 
(50 mM HEPES (pH 7.5), 500 mM NaCl, 1 mM TCEP 
(tris(2-carboxyethyl)phosphine) and a protease inhibitor 
cocktail (Roche)) and lysed using the freeze-thaw and 
sonication on ice. The soluble fractions of the lysate were 
separated by high-speed centrifugation (38000 × g, 30 
min, 4 °C). The soluble fraction was dispensed onto Ni-
NTA agarose resin (pre-equilibrated with lysis buffer) and 
incubated (15 min, 4 °C). The resin was washed twice and 
the protein eluted using lysis buffer containing 10 mM 
imidazole and 20 mM imidazole, respectively. The protein 
sample was eluted with 300 mM imidazole in 5 mL frac-
tions. Eluted fractions containing protein were pooled to-
gether and the affinity tags were enzymatically cleaved 
using TEV protease in solution (50 mM HEPES (pH 7.5), 
50 mM NaCl, 30 mM Imidazole and 1 mM TCEP) during 
dialysis for 12 h at 4 °C. Once cleaved, the proteins were 
dispensed onto Ni-NTA agarose resin pre-equilibrated 
with dialysis buffer to remove the tag in solution. The 
eluted fractions containing protein were pooled and further 
purified via a HiTrap Heparin Column (GE Healthcare) 
with a sodium chloride (NaCl) gradient (0-2.0 M) in 50 
mM HEPES (pH 7.5) and 1 mM TCEP at a flow rate of 5 
mL/min. Protein was concentrated to < 5 mL with Milli-
pore centrifugal concentrators (3000 MWCO) and filtered 
with a 0.22 μm filter. The sample was then subjected to 
size exclusion chromatography onto a pre-equilibrated 
HiLoad 16/600 SuperdexTM 75 column at 1 mL/min. 
Fractions containing pure protein were pooled and concen-
trated using a Vivaspin® centrifugal concentrators (3000 
MWCO) to a concentration >3 mg mL
-1
. Pure concentrated 
proteins were then snap-frozen in liquid nitrogen with 
glycerol (5%) and stored at -20 °C. 
The DNA-binding domain from human SSB2 (OB do-
main, residues 1-132) was expressed and purified as de-
scribed previously [6]. Briefly, constructs were expressed in 
E. coli BL21(DE3) from a pGEX-6P vector as a GST-fusion 
protein at 37°C under standard conditions; protein was puri-
fied using glutathione affinity chromatography, HRV3C pro-
tease cleavage and size exclusion chromatography as the 
final purification step. Protein concentration was determined 
by absorbance using the theoretical extinction coefficient at 
280 nm. 
Cloning, In vitro Transcription and Purification of SRP 
RNA for SRP72-RNA Interaction 
SRP RNA comprised of bases 113-130, 167-177, 220-
238, with the insertions of GCGAAAGC between 130 and 
167 and 177 and 220 (gBlocks® Gene Fragments, IDT) was 
cloned into pUC19 vector within EcoRI and BamHI restric-
tion sites. Purified DNA was sequenced (Australian Re-
search Genome Facility Ltd) before large-scale production of 
the plasmid. Plasmids containing truncated human SRP RNA 
purified using the QIAGEN Plasmid Plus Giga Kit (0.5 mg 
mL
-1
) were linearised using BamH1 (37 °C, 8−12 h; New 
England Biolabs, Beverly, MA) in a reaction containing 
BSA (0.1 mg mL
-1
; New England Biolabs) and its respective 
buffer. The reaction was stopped through heat inactivation 
(20 min, 65 °C). DNA was then phenol/chloroform purified 
followed by precipitation using ethanol (100%) and 0.3 M 
sodium acetate. The pellet containing DNA was then dis-
solved using MQW (1.7 mg mL
-1
). Linearised DNA (50 µg 
mL
-1
) was placed into a mixture containing transcription 
buffer (40 mM Tris (pH 8.0), 0.1% (v/v) Triton X-100, 30 
mM MgCl2, 1 mM Spermidine, 5 mM DTT), nucleoside 
triphosphates (NTP; 100 µM, pH 7.5; ATP, CTP, GTP, 
UTP), T7 RNA polymerase (1 mg mL
-1
), pyrophosphatase (1 
mg mL
-1
) and RibSafe RNase inhibitor (40 U µL
-1
; Bioline, 
London, UK). The mixture was then incubated for 2 h at 37 
°C and for another 2 h at 42 °C with the addition of MgCl2 
(400 µM).  
Before purification, the RNA was heat-treated in 3 min 
cycles from 95 °C to 50 °C twice and then cooled (3 min, 4 
°C). This procedure was done twice to cleave the ribozymes 
(HDV - hepatitis delta virus and HH - hammerhead) that 
flank the RNA, after which the RNA was heated (3 min, 95 
°C), then cooled (3 min, 4 °C) and stored at -20 °C.  
Cleaved RNA was purified through gel extraction in an 
8% (v/v) urea-polyacrylamide gel in Tris-Borate-EDTA 
(TBE) buffer. The gel was analysed using a ultra-violet light 
over a fluorescently labelled thin liquid chromatography 
plate (TLC Silica Gel 60 F254). The band corresponding to 
the full-length cleaved product were excised, crushed and the 
RNA extracted by soaking in RNase-free Milli-Q® water 
(10 × gel volume, 4 °C, 12 h). The soluble fraction was sepa-
rated using a Steritop® vacuum driven filtration system.  
Extracted RNA was concentrated to < 2 mL with Milli-
pore centrifugal concentrators (10000 MWCO) at 4 °C. Dur-
ing the concentration of RNA, RNA was washed with 
RNase-free Milli-Q® water and HEPES (50 mM) to remove 
any residual urea in solution and to exchange buffer, respec-
tively. Concentrated RNA was stored at -20 °C. 
Electrophoretic Mobility Shift Assay (EMSA) 
Purified unlabelled RNA was preheated at 90°C for 1 
min and cooled at 4°C for 1 min before the addition of puri-
fied SRP72 (a.a. 535 - 601) into a reaction mixture (50 μL) 
of 50 mM HEPES (pH 7.5), 150 mM KCl, 1.5 mM MgCl2, 1 
mM TCEP and 20 % (v/v) glycerol. The reaction mixture 
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containing the SRP RNA (9 × 10
-12 
M) and protein SRP72 (0 
- 100 × 10
-6 
M) was pre-incubated for 45 min at 4°C. The 
samples were then loaded onto a 6.5 % (v/v) polyacrylamide 
gel containing 2.5 mM MgCl2 with the RNA-protein sepa-
rated at 4°C for 4 hours in 0.5 × Tris-Borate-EDTA buffer 
containing 2.5 mM MgCl2. Gels were stained using SYBR-
Gold for 10 min at room temperature and imaged using Ty-
phoon FLA 9000 biomolecular imager. Complexes were 
then quantified using Image J and analysed using GraphPad 
Prism 6. The data were fitted to a nonlinear binding curve to 
determine the dissociation constant KD. 
Microscale Thermophoresis (MST) 
For SRP72-RNA experiments, the protein was kept in 50 
mM HEPES buffer (pH 7.5), 150 mM NaCl, 5 mM TCEP, 
0.01 % (v/v) Tween-20 was labelled using the Monolith NT 
Protein Labelling Kit BLUE NHS according to the manufac-
turer provided protocol. The concentration of SRP72 was 
kept constant at 750 nM. The corresponding unlabelled part-
ner was titrated in 1:1 dilutions. The highest final concentra-
tion of SRP RNA was 300 µM for the binding of SRP72 
RBD. Measurements were performed using the capillaries 
that gave the highest initial fluorescence reading on a Mono-
lith NT.115 system (NanoTemper, Munich, Germany) with 
the LED and IR-laser power at 95 % and 20 %, respectively. 
Laser-on and -off times were set at 30 seconds and 5 sec-
onds, respectively. To determine the dissociation constant 
(KD), data was fitted via a standard binding isotherm using 
the NanoTemper Analysis 1.2.20 software.  
For hSSB2-ssDNA experiments, MST assays were car-
ried out using the same system as described above. Serial 
dilutions of unlabelled ssDNA oligo (GATTGC, synthesised 
commercially by Sigma-Aldrich) at concentrations of be-
tween 17 and 550 µM were combined with fluorescently 
labelled hSSB2 protein (labelled with the same kit as used 
above for SRP72) at a constant concentration (1 µM). The 
measurements were performed three times using standard 
capillaries with a 100% LED power (blue filter) and a 20% 
MST power (IR-laser power) with a laser-on time of 30 s and 
a laser-off time of 5 s. Fluorescence approaching the steady 
state (manually set to 34.3 to 35 s) was normalised to initial 
fluorescence (manually set to 4.0 to 4.9 s) and then plotted as 
a function of protein concentration. The data were fitted to a 
standard binding isotherm using the NanoTemper Analysis 
1.2.20 software to determine the dissociation constant KD. 
Surface Plasmon Resonance (SPR) 
SPR experiments have been carried out as described in 
[7]. Briefly, streptavidin coated gold sensor chips (Biacore 
SA chips) were used and a ssDNA oligo (AAA-GATTGC, 
5’ biotinylated) was immobilized onto the chip. Excess strep-
tavidin binding sites were saturated with free biotin. A range 
of purified hSSB2-OB concentrations (0.125 - 1.5 µM) were 
injected and binding was measured and recorded as sensor-
gram. Signals were automatically corrected using the Bia-
core 3000 software for non-specific binding to the SPR chip 
(control without immobilized DNA), and three repeats of 
each binding experiment were carried out. Steady state equi-
librium values were plotted and fitted using the Hill equation 
(1:1 binding) to determine the dissociation constant KD. 
RESULTS AND DISCUSSION 
Electrophoretic Mobility Shift Assays (EMSA)  
EMSA is a technique commonly used to quantify in vitro 
interactions between purified nucleic acid and protein. This 
technique allows for a visual and direct interpretation of 
complex formation at different concentrations of protein and 
small concentrations of the binding partner [8]. Visualising 
these interactions usually involves either labelling the 
DNA/RNA with 
32
P or a fluorescent tag [9-11] or by staining 
the gel with nucleic acid staining dyes such as SYBR® Gold 
[12]. The polyacrylamide gel is then visualised using autora-
diography or by fluorescent detection [8-10, 12]. Notably, 
the choice of the detection method depends on the amount of 
material present as well as the required sensitivity. Autora-
diography using 
32
P is able to detect nucleic acids in the fmol 
range, whereas fluorescent tags or SYBR® Gold can be used 
for pmol quantities [9-11]. Quenching effects can be ob-
served when fluorescent dyes are incorporated throughout 
the sequence of the nucleic acid, however end-labelling the 
nucleic acid can minimize this effect [11].  
EMSAs provide biochemical information on how the 
protein binds to the DNA/RNA and also allow for the calcu-
lation of the kinetics (if slow) and affinity of the nucleic 
acid-protein interaction(s). Additionally, determination of the 
stoichiometry of the DNA/RNA-protein complex is possible 
[8]. The main advantage of EMSA is that multi step complex 
formation can also be visualized and the order of interactions 
in multi protein complexes can be easily assessed [10, 13]. 
We have used EMSA here to study the interaction be-
tween SRP72 and SRP RNA. The eukaryotic signal recogni-
tion particle (SRP) is a ribonucleoprotein (RNP) complex 
consisting of six proteins (SRP9, SRP14, SRP19, SRP54, 
SRP68 and SRP72) and one long non-coding RNA strand 
(7S RNA) [14]. The SRP complex has been identified to play 
a significant role in the process of co-translational transloca-
tion as it is the main transporter of proteins destined for the 
endoplasmic reticulum (ER) and the cellular membrane [15]. 
The SRP72 protein used here consists of the RNA-binding 
domain of human SRP72 and is known to bind SRP RNA 
(7S RNA) in a specific region (please refer to [16, 17] for 
reviews).  
Fig. (1) shows EMSA experiments using SRP72 and a 
truncated version of 7S RNA (containing the known binding 
region). Varying quantities of SRP72 (0 - 100 × 10
-6 
M) were 
added to a constant amount of SRP RNA (9 × 10
-12 
M) (Fig. 
1) and binding was visualised by post-staining the RNA and 
imaging the gel. The band intensities from the gel were then 
analysed using a gel band analysis software and revealed a 
dissociation constant (KD) of 7 µM ± 2 µM.  
As seen from Fig. (1), one obvious disadvantage of 
EMSA experiments is the correct location and quantification 
of the band intensities as both free DNA/RNA and DNA- or 
RNA-protein complexes can sometimes diffuse within the 
gel (‘smearing’) making an accurate analysis difficult. In 
contrast, experiment times are short and the cost of materials 
is relatively low. In conclusion, EMSA is suitable to estimate 
binding affinity of nucleic acid-protein interactions, how-
ever, if a more detailed biophysical analysis is required, 
MST or SPR can be utilized. 
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Microscale Thermophoresis (MST) 
Although the phenomenon of thermophoresis (the di-
rected motion of molecules through a temperature gradient) 
was first described over a century ago, MicroScale thermo-
phoresis (MST) has only emerged very recently as a revolu-
tionary method to analyse binding events by monitoring the 
directed movement of fluorescent molecules through micro-
scopic temperature gradients using µL volumes [18]. The 
technique is highly sensitive to virtually any change in mo-
lecular properties (molecular size, charge and hydration 
shell) allowing exquisite quantification of molecular interac-
tions [19, 20] with very little sample usage. Another advan-
tage of this method is that the interaction is determined in 
solution without the need to bind the protein or DNA/RNA 
onto a surface (as for example in SPR experiments) or into a 
gel matrix (EMSA) [21], providing more biological relevant 
environment. 
MST in the form of the commercially available 
Nanotemper was only introduced very recently. During a 
typical MST experiment using the Nanotemper, an infrared 
laser induces a temperature gradient in a capillary tube. The 
directed movement of molecules through the temperature 
gradient is detected and quantified using fluorophores.  
In a typical MST experiment used for nucleic acid-
protein interactions, the protein is fluorescently labelled [18] 
and kept at a constant concentration, whereas unlabelled 
DNA/RNA is added until binding saturation is achieved. For 
each addition of DNA/RNA, the total fluorescence intensity 
is measured as a function of time. The initial fluorescence 
drops as soon as the IR laser is turned on, reflecting the tem-
perature sensitivity of the fluorophore. This is followed by 
diffusion limited thermophoresis, before reaching a steady 
state where the diffusion due to thermophoresis is offset by 
mass balance effects. Turning off the IR laser leads to an 
inverse temperature jump and back diffusion driven by pure 
mass diffusion. The ratio of the fluorescence before turning 
on the laser (cold phase) versus after reaching the steady-
state (hot phase) is a function of the concentration of the 
added nucleic acid and can be fitted to an appropriate kinetic 
model. In principal, experiments can also be carried out in a 
reverse fashion using DNA/RNA that is synthesized with a 
fluorescent tag (e.g., fluorescein) and unlabelled protein. 
Protein-DNA/RNA interactions can also be analysed using 
label-free MST which utilizes the intrinsic UV-fluorescence 
of proteins [22].  
To demonstrate the usage of MST for nucleic acid-
protein interactions we have analysed the interaction be-
tween SRP72 and 7S RNA (for more details about SRP72 
see above) as well as between human single stranded DNA 
binding protein 2 (hSSB2) and single stranded DNA 
(ssDNA). Single stranded DNA binding (SSB) proteins play 
a major role in cellular DNA processing activities such as 
replication, recombination and repair [23-25]. These proteins 
are evolutionary conserved amongst the three domains of life 
and bind to single stranded DNA (ssDNA) via an oligonu-
cleotide-binding (OB) domain. Our recent work has uncov-
ered two new human SSBs (hSSB1 and 2), which are struc-
turally more similar to the primitive archaeal SSB than to the 
other known SSB protein from this family [6, 26, 27].  
Firstly, to compare our EMSA experiments of SRP72 
directly with MST, we carried out MST analysis. Using a 
constant concentration of SRP72 labelled with a fluoro-
phore, unlabelled SRP RNA was added at increasing con-
 
Fig. (1). Native EMSA of SRP RNA binding to SRP72 (a.a. 535-601). (A) Titration of SRP72 into SRP RNA. All samples contained SRP 
RNA with each consecutive lane containing 0, 0.5, 1, 2, 4, 6, 8, 10, 12, 14, 18, 20, 100 × 10
-6 
M of SRP72. Electrophoretic species present in 
the gel are indicated as free RNA, partially bound RNA and bound RNA-protein complex. (B) Plot of RNA bound (in percentage) versus 
increasing SRP72 concentration. Quantification of band intensities was normalised using Image J software. The dissociation constant was 
calculated: KD of 7.83 µM ± 2.61 µM (KD = μM ± SE). Error bars are shown. 
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centrations (Fig. 2) revealing a dissociation constant KD of 
6.9 µM ± 0.3 µM in good agreement with our EMSA as 
well as published data [28]. However, a notable difference 
between EMSA and MST was the observation of a possible 
second binding event (for which we were not able to calcu-
late a dissociation constant due to an insufficient number of 
data points) at high RNA concentrations, as indicated by 
the change in the slope of the binding curve (Fig. 2). The 
existence of this second binding event could be explained 
by the presence of a second RNA binding site on the 
SRP72 protein or a structural change of the SRP RNA (e.g., 
formation of dimers) at these high RNA concentrations. 
Further analysis of this interaction is required to determine 
the exact cause of this deviation from a 1:1 binding 
stoichiometry. Notably, our EMSA experiments (Fig. 1) 
were carried out by adding increasing amounts of protein 
into RNA as opposed to the MST experiment in which 
RNA was titrated into a constant amount of protein. The 
EMSA setup might have prevented the formation of dimers 
or higher RNA oligomers explaining why no second bind-
ing event was observed in this experiment. 
Secondly, we have utilized MST to characterize the bind-
ing of hSSB2 to ssDNA (Fig. 3). Using a simple 1:1 binding 
model (based on our previously published data [7]) we were 
able to calculate a dissociation constant of 5.2 ± 0.2 µM (Fig. 
3B). Both the ‘cold’ and ‘hot’ time window (indicated by 
blue and red lines in Fig. (3A), respectively) were chosen 
manually in our experiment, however, automatic determina-
tion of time windows is also a possible option provided by 
the Nanotemper. 
Surface Plasmon Resonance (SPR) 
SPR is an optical biosensor technique that can be used to 
study real-time kinetics of biomolecular interactions at a 
metal surface by detecting changes in the local refractive 
 
Fig. (2). MST analysis of SRP72-7S RNA interaction. Fluorescence ratios (hot versus cold; red and blue lines, respectively) were calcu-
lated using the raw fluorescence curves (A) given by MST. Results were then plotted as a function of the concentration of 7S RNA (B). 
Binding of the protein to the RNA caused two changes in thermophoresis from which a KD of 7.0 ± 0.6 µM was derived from the first bind-
ing event. The KD could not be derived from the second binding event due to an insufficient number of data points. The fitted curve shows 
globally fitted data. 
 
 
Fig. (3). MST data of hSSB2-ssDNA interaction. Raw fluorescence curves (A) and corresponding fluorescence ratio (hot versus cold phase 
as indicated by red and blue lines in panel A, respectively) plotted as a function of the concentration of hSSB2 with fit to 1:1 model (B) are 
shown. 
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index. The most commonly used SPR detection instrument 
the BIAcore system (GE) that has been utilized for over 20 
years to study nucleic acids-protein interactions [29-31]. The 
SPR technique is based on the phenomenon that is observed 
when polarized laser light is focused onto a highly conduc-
tive gold film at a specific angle α. As a proportion of pho-
tons are absorbed into the film, an oscillation or resonance of 
electrons is stimulated and electromagnetic waves or ‘surface 
plasmons’ are generated at the surface of the film. Binding of 
one biomolecule to another immobilized on the sensor chip 
gold surface alters the refractive index of light reflected from 
the film. As a consequence, the angle α changes and this 
change can be detected as a function of time as more bio-
molecules bind to the surface. 
SPR has been used extensively to study tight binding 
DNA-protein complexes; dissociation constants in the low 
nM range have been routinely determined [30, 32]. SPR raw 
data curves (also termed sensorgrams) are characterised by 
the presence of an association phase, followed by a steady-
state and a dissociation phase [7]. These data can be fitted 
using appropriate kinetic models allowing for the determina-
tion of on- and off-rates as well as dissociation constants. As 
an alternative, affinities can also be calculated utilising 
steady-state values of binding, an approach that is of particu-
lar use when combined with competition experiments to ana-
lyse a large series of DNA or RNA mutants [7].  
Due to the flow cell geometry, SPR has mass transport 
limitations; the association of a protein to immobilized DNA 
or RNA is limited by the diffusion of the protein to the sensor 
chip surface. The majority of DNA/RNA-protein interactions 
are characterized by very fast association rates and thus will 
be limited by mass transport [33]. Immobilizing the lowest 
possible DNA/RNA amount onto the SPR chip and using 
faster flow rates can significantly reduce this effect. Another 
limitation of SPR is the fact that one interacting partner 
(mostly DNA or RNA) requires binding to the sensor chip 
surface and surface artefacts and immobilization procedures 
can sometimes disrupt the interaction under investigation. 
To demonstrate the use of SPR for DNA-protein inter-
actions, we have analysed the binding of hSSB2 protein to 
ssDNA (Fig. 4). Fig. (4A) is showing a previously pub-
lished SPR response curve [7]. We have recorded a further 
2 SPR sensorgrams and calculated an average dissociation 
constant for the binding of 1.3 ± 0.1 µM (Fig. 4B) which is 
smaller than the value determined by MST (Fig. 3). These 
differences could be due to the fluorescent labelling of the 
hSSB2 protein in the MST experiments. The introduced 
fluorophores are covalently attached to lysines residues 
within the protein and although lysines are not part of the 
ssDNA interaction interface [34], the change in the charge 
(lysines are positively charged, ssDNA is negatively 
charged) due to the labelling might have caused the de-
crease in the binding affinity. Another possible explanation 
for the observed differences in affinity might be the longer 
ssDNA used in the SPR experiments (9 versus 6 bases in 
the MST). 
CONCLUDING REMARKS 
We have presented data comparing three different meth-
ods commonly used to characterize nucleic acids-protein 
interactions: EMSA, MST and SPR. Historically, EMSA is 
the oldest of these 3 methods and does not require an expen-
sive experimental setup. The data obtained in EMSA should 
always be combined with a second method that can provide 
more detailed biophysical analysis such as MST and SPR. 
Table 1 is providing a summary of the main differences be-
tween MST and SPR. 
The main principles of EMSA, MST and SPR have been 
demonstrated for RNA-protein and DNA-protein interac-
tions. The advantages and limitations of each approach have 
been discussed in light of low-throughput analysis. The ulti-
mate choice of which method to use will strongly depend on 
the specific nucleic acid-protein interaction and the number 
of interactions under investigation. Certainly high-
throughput methods will be required to characterize all the 
new complexes identified in the last few years. 
 
Fig. (4). SPR data of hSSB2-ssDNA interaction. Some data for both panel A and B were taken from our previously published work
7
. (A) 
SPR response of 0.25 µM - 1.5 µM hSSB2 protein binding. Note that the initial increase in SPR response is a due to the short time delay 
between flow cell 1 and 2. (B) Steady-state SPR response values as a function of the total protein concentration of three independent experi-
ments. Error bars represent are SE with n=3. 
90
Biophysical Characterization of Nucleic Acid-Protein Interactions Current Protein and Peptide Science, 2015, Vol. 16, No. 8    733 
Table 1. Attribute comparison of the SPR and MST techniques. 
Parameter 
Surface Plasmon Resonance (Biacore, GE 
Healthcare)
Microscale Thermophoresis (NanoTemper Technolo-
gies GmbH)
Affinity range (KD) as quoted by
manufacturer
nM to mM pM to mM
Affinity range for protein-DNA 
interactions
nM [30, 32] to µM [35] pM [20] to µM [36]
Tagging
Tags used to facilitate immobilization onto sensor chip 
(e.g., biotin tag for streptavidin-coated SA chip)
Not required, fluorescent tags may be used in place of 
labels
Labelling Not required as mass and size are being detected
Depends on type of instrument utilized: 
- if visible wavelength is used, chemical labelling is
required (unless a fluorescent tag such as GFP is 
used)
- if intrinsic fluorescence at UV wavelength is used, 
no labelling is required
Immobilization Onto biosensor chip None
Potential analytes
Vesicles, viruses, proteins RNA, DNA, peptides small 
molecules, ions, cell lysates
Vesicles, viruses, proteins RNA, DNA, peptides small 
molecules, ions (e.g., Ca2+)
Detection parameters
Change in angle of light reflected from sensor surface as 
product of changing mass on sensor
Movement along temperature gradient as product of 
changes in hydration shell
Quantifiable parameters (used in 
the literature)
KD, Vmax, Kcat, Kon, Koff, Ki, ΔH, ΔG, ΔS KD, Vmax, Kcat, Ki, ΔH, ΔG, ΔS
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a b s t r a c t
One method commonly used to characterize protein–DNA interactions is surface plasmon resonance
(SPR). In a typical SPR experiment, chip-bound DNA is exposed to increasing concentrations of protein;
the resulting binding data are used to calculate a dissociation constant for the interaction. However, in
cases in which knowledge of the specificity of the interaction is required, a large set of DNA variants
has to be tested; this is time consuming and costly, in part because of the requirement for multiple
SPR chips. We have developed a new protocol that uses steady-state binding levels in SPR competition
experiments to determine protein-binding dissociation constants for a set of DNA variants. This approach
is rapid and straightforward and requires the use of only a single SPR chip. Additionally, in contrast to
other methods, our approach does not require prior knowledge of parameters such as on or off rates,
using an estimate of the wild-type interaction as the sole input. Utilizing relative steady-state responses,
our protocol also allows for the rapid, reliable, and simultaneous determination of protein-binding disso-
ciation constants of a large series of DNA mutants in a single experiment in a semiquantitative fashion.
We compare our approach to existing methods, highlighting specific advantages as well as limitations.
 2013 Elsevier Inc. All rights reserved.
Protein–DNA interactions are essential for regulating many
important cellular processes, including transcription, DNA replica-
tion, and DNA repair [1,2]. The discovery and characterization of
protein–DNA interactions have traditionally been based on meth-
ods such as electrophoretic mobility-shift assays and nuclease
footprinting. However, more recently, high-throughput discovery
approaches have gained traction. For example, chromatin immu-
noprecipitation-based protein microarray-based techniques have
revolutionized the study of protein–DNA interactions owing to
the possibility of combining them with massively parallel DNA
sequencing methods (see, e.g., [3]). More recently, ultrafast tech-
niques such as protein binding microarrays have been developed
[4], allowing for rapid, high-throughput characterization of
in vitro DNA-binding specificities.
Fewer methods are available, however, to accurately measure
interaction affinities. These methods are based on a range of prin-
ciples, including gravity force fields (ultracentrifugation), spectros-
copy (fluorescence or NMR are most common), isothermal titration
calorimetry (ITC), or surface plasmon resonance (SPR). Ultracentri-
fugation and calorimetry are normally limited by their sensitivity,
whereas fluorescence spectroscopy typically requires either the
protein or the DNA to be labeled with a fluorophore. On the other
hand, SPR can be used with as little as 10 ll of sample and is able to
measure binding constants across a very wide range of concentra-
tions (0.1 mM to 1 pM) [5]. Another significant advantage of SPR is
the ability to determine on and off rates.
In a typical SPR setup for the study of protein–DNA interactions,
biotinylated DNA is immobilized onto the surface of a streptavidin-
functionalized gold chip and buffer solution containing the protein
flows over the chip. The change in refractive index at the surface
caused by the binding of protein leads to a change in optical prop-
erties that is recorded as resonance units against time. This process
is repeated several times with varying protein concentrations, and
the resulting binding curves can be used to determine a dissocia-
tion constant for the protein–DNA interaction under study.
For many applications, additional information regarding the
protein–DNA interaction surface is desirable, such as the identity
of the DNA bases that define the specificity of the binding event.
In these cases, DNA truncations or specific DNA mutants are
designed and analyzed as described above. However, a major
0003-2697/$ - see front matter  2013 Elsevier Inc. All rights reserved.
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disadvantage of this approach is that multiple SPR chips are re-
quired to test each DNA variant separately, resulting in both signif-
icantly increased costs and lengthened data acquisition and
analysis times.
In this study, we have developed a new protocol using SPR com-
petition experiments that circumvents these problems. Impor-
tantly, this new method does not require an exact value of the
protein binding constant for wild-type DNA, further shortening
overall experiment times. In the first part of the paper, we describe
a quantitative implementation of this protocol, whereby a single
SPR chip bearing wild-type DNA is treated with a solution contain-
ing both protein and increasing concentrations of each DNA vari-
ant, allowing for the accurate determination of the dissociation
constants for all variants. We first demonstrate the validity of this
approach by analyzing the protein-binding properties of both wild-
type DNA and a shortened DNA variant, which both bind to the
GATA-type zinc-finger domain of MED1. Next, we show, using a
different, significantly weaker, protein–DNA interaction involving
the single-stranded DNA-binding protein hSSB2, that our protocol
is valid over a wide range of binding affinities. In the second part
of this study, we introduce a variation on our protocol whereby
SPR steady-state experiments are carried out in a semiquantitative
manner utilizing a single SPR chip and a fixed ratio of protein to
competitor DNA concentration. We show that this variation exhib-
its all the advantages described above and in addition allows for
the rapid and simultaneous determination of a large set of pro-
tein–DNA mutant solution dissociation constants in a single SPR
experiment.
Material and methods
Proteins
The DNA-binding domains from Caenorhabditis elegans MED1
(residues 108–174), human hSSB2 (oligonucleotide-binding (OB)
domain, residues 1–132), and murine MyT1 F5 (residues 837–
880) were expressed and purified as described previously [6–8].
Briefly, constructs were overexpressed from either a pET15b
(MED1) or a pGEX-6P vector (hSSB2, MyT1) as His6 or GST-fusion
proteins at 37 C under standard conditions; proteins were purified
using Ni–NTA (MED1) or glutathione (hSSB2, MyT1) affinity chro-
matography, thrombin (MED1) or HRV3C protease (hSSB2, MyT1)
cleavage, and gel-filtration chromatography. Protein concentra-
tions were determined by absorbance using theoretical extinction
coefficients at 280 nm or the difference in absorbance at 215 and
225 nm [9].
DNA oligonucleotides
All DNA was purchased from Sigma–Aldrich.
In the case of MED1, complementary 20-mers containing the
MED1 zinc-finger recognition site (GGACCCCGTATACTTTTCCG) as
well as a truncated 16-bp version (CCCGTATACTTTTCCG) and their
corresponding complements were resuspended in 30 mM Na3PO4,
200 mM NaCl, 1 mM dithiothreitol (DTT), pH 7.2 (MED1 buffer),
combined at equimolar concentrations, annealed at 95 C for
10 min, and then slowly cooled to room temperature. The annealed
duplexes were purified by gel-filtration chromatography (Super-
dex 75). For Biacore SA chip binding, a biotinylated 25-mer
(GGACCCCGTATACTTTTCCGGAGAG-Bio) was annealed with a com-
plementary 20-mer (CGGAAAAGTATACGGGGTCC) and purified as
described above.
For the hSSB2 work, biotinylated single-stranded DNA with the
sequence Bio-AAGATTGC and nonbiotinylated DNA (GATTGC) were
dissolved in 20 mM Tris, 50 mM NaCl, 2 mM MgCl2, 2 mM DTT, pH
7.0 (hSSB2 buffer).
For MyT1, single-stranded retinoic acid-response element
(RARE) DNA (ACCGAAAGTTCAC and GTGAACTTTCGGT) [10], mu-
tant oligonucleotides, and biotinylated DNA (with a linker of three
adenines in front of the biotin tag) were annealed and purified as
described above for MED1 in 10 mM Hepes, 50 mM NaCl, 1 mM
DTT, pH 7.4 (MyT1 buffer).
SPR experiments
All SPR experiments were performed on a Biacore 3000 system
(Biacore AB). A streptavidin-coated Biacore sensor chip (SA chip)
was initially washed with 1 M NaOH and 50 mM NaCl (3  20 s,
20 ll/min) and then approximately 50–100 response units of
10 nM biotinylated oligonucleotide (50 ll, 5 ll/min) was immobi-
lized onto the chip. The remaining biotin binding sites were satu-
rated by an injection of 10 nM biotin (60 s, 20 ll/min). The buffer
used for all experiments was the corresponding buffer described
in the section above, with the addition of 0.01% surfactant P20 to
reduce nonspecific binding and used at a flow rate of 20 ll/min.
Signals were automatically corrected using the Biacore 3000 soft-
ware for nonspecific binding to the SPR chip (control without
immobilized DNA), and at least three repeats of each competition
experiment were carried out. Data analysis was performed with
BIAevaluation and simulation software (Biacore AB) and Origin
8.5 (MicroCal).
Results
SPR steady-state levels can be used to calculate dissociation constants
SPR binding curves normally consist of three phases—binding
(or association), equilibrium, and wash (or dissociation). In both
the binding and the equilibrium phases analyte (in this case pro-
tein) is flowed over the chip and interacts with the immobilized li-
gand (DNA) until equilibrium is reached. The wash phase is
characterized by the injection of running buffer and the dissocia-
tion of the analyte from the chip. Ideally, after one cycle consisting
of all three phases, the SPR signal reverts back to its original base-
line value. The association phase of the SPR curve is characterized
by the Eq. (11)
dRt=dt ¼ kass  PF  ðRmax  RtÞ  kdiss  Rt ; ð1Þ
where Rt is the measured SPR signal, kass and kdiss are the associa-
tion and dissociation rate constants, respectively, PF is the concen-
tration of the (free) protein, and Rmax represents the maximum
binding signal, which occurs when the chip-bound DNA is saturated
with protein and is limited by the amount of ligand (e.g., DNA) that
is bound to the chip (see also Table 1). In the ‘‘plateau’’ or equilib-
rium phase of the binding curve Eq. (1) becomes 0; this steady state
is normally achieved after a time that depends on the kinetics and
strength of the protein–DNA interaction under study. Under these
conditions, Eq. (1) can be rearranged to give
dRt=dt ¼ 0 ) kass  PFðRmax  RtÞ ¼ kdiss  Rt : ð2Þ
Rt becomes Requ and can be calculated as
Rt ¼ Requ ¼ Rmax  kass  PFkass  PF þ kdiss ¼ Rmax 
PF
PF þ kdisskass
¼ Rmax  PFPF þ Kchip
ð3Þ
with Kchip being the protein–DNA dissociation constant (Ta-
ble 1). Eq. (3) resembles the classical Michaelis–Menten equation
that can be used to calculate binding constants using equilibrium
or steady-state values in SPR binding curves.
To demonstrate that these equations can be used to describe
real protein–DNA binding events, we utilized the transcription
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factor MED1 and its cognate binding substrate, a 20-bp double-
stranded biotinylated DNA [7] (Fig. 1). The DNA was immobilized
on a Biacore streptavidin chip. Fig. 1A shows a representative
SPR response curve for a MED1 concentration (PF) of 50 nM with
the three distinct phases of association, equilibrium, and dissocia-
tion (parts (1)–(3)) as well as the corresponding equations. Fig. 1B
depicts MED1 binding and dissociation curves over the concentra-
tion range of 5–250 nM. The top of Fig. 1B shows the SPR signal of
flow cell 2 with immobilized DNA and flow cell 1 without DNA (as
control). The bottom depicts the net SPR response (=Rt; difference
Table 1
Parameters used in this study.
Term Short description Detailed description
R SPR response SPR response in resonance units of binding experiment
Rt SPR response SPR response after time t
Rmax Maximal SPR response SPR response at maximal saturation (all protein molecules are bound to chip-bound wild-type DNA)
Requ Equilibrium SPR response SPR response at the equilibrium stage of binding
Requ,rel Relative equilibrium SPR SPR response at equilibrium of protein in the presence of DNA mutant competitor divided by SPR response at equilibrium of
protein alone
PT Total protein concentration Concentration of protein that is present in SPR injection solution (total protein)
PF Free protein concentration Concentration of free protein that is available for binding to chip-bound wild-type DNA (=PT minus DNA-bound protein)
DNAT Total DNA concentration Concentration of DNA that is present in SPR injection solution (total DNA)
DNAF Free DNA concentration Concentration of free DNA (=DNAT minus protein-bound DNA)
P:DNA Protein:DNA concentration Concentration of formed protein–DNA complex in solution
Kchip Dissociation constant
(direct)
Dissociation constant (or binding constant) describing protein binding to chip-bound wild-type DNA
Ksoln Dissociation constant
(solution)
Dissociation constant (or binding constant) describing protein binding to wild-type or mutant DNA (as competitor) in solution
kass Kinetic on rate Constant describing the speed of the formation of a protein–DNA complex
kdiss Kinetic off rate Constant describing the speed of the dissociation of a protein–DNA complex
kprop Proportionality factor Maximal SPR response Rmax divided by direct dissociation constant Kchip
r Ratio Ratio of total protein concentration PT over solution dissociation constant Ksoln
Fig.1. Steady-state SPR values can be used to determine protein–DNA binding constants. (A) SPR binding curve for the formation of a MED1–DNA complex, recorded at a
MED1 concentration of 50 nM, illustrating the various phases of an SPR sensorgram. (B) Top: SPR signal of flow cell 1 (dashed line, empty chip) and flow cell 2 (solid line,
bound DNA), respectively for the MED1–DNA interaction at increasing concentrations (5–250 nM). Bottom: net SPR response as calculated by the Biacore software (difference
between flow cells 1 and 2). (C) Steady-state response values as a function of the total protein concentration (data taken from (B)). RU, resonance units.
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between flow cell 2 and 1). Using Eq. (3) and the equilibrium re-
sponse values (Requ) the data from Fig. 1B could be fitted (Kchip
and Rmax were allowed to float) to yield a dissociation constant
of 23 ± 2 nM (Fig. 1C). We performed four independent repeats of
this experiment resulting in an overall dissociation constant of
31 ± 6 nM (average ± standard deviation).
Under conditions where the concentration of the protein is well
below the dissociation constant Kchip, Eq. (3) can be simplified to
Requ  Rmax  PF=Kchip ¼ kprop  PF; ð4Þ
which is a straight line with kprop (=Rmax/Kchip) as the gradient.
Importantly, we use this approximation in the next section to de-
rive a simplified model describing SPR competition experiments.
A novel simplified model for SPR competition experiments using
steady-state levels
In a standard SPR competition experiment, a secondary ligand is
added (e.g., a different DNA molecule) that competes with the pri-
mary immobilized ligand (e.g., wild-type DNA) for binding to the
analyte. Assuming the analyte is protein and the secondary ligand
is DNA, and the binding stoichiometry is 1:1, the solution equilib-
rium between these two can be described by
Ksoln ¼ PF  DNAFP : DNA ; ð5Þ
where Ksoln is the dissociation constant of the protein–DNA interac-
tion in solution, PF and DNAF are the free concentration of protein
and DNA, respectively, and P:DNA is the concentration of the com-
plex (see also Table 1).
If both protein and competitor DNA are combined before injec-
tion onto the chip and this equilibrium is not disturbed during the
injection by dissociation of the already formed complex, Eq. (5) can
be written as
Ksoln ¼ PF  DNAFP : DNA ¼
ðPT  P : DNAÞ  ðDNAT  P : DNAÞ
P : DNA
; ð6Þ
with PT and DNAT being the total concentration of protein and
DNA, respectively (Table 1). Under these conditions, only the frac-
tion of protein (free protein PF) that is not bound to competitor
DNA in solution is able to bind to immobilized DNA. As a conse-
quence, SPR binding signals are exclusively caused by the binding
of free protein to the chip. Solving Eq. (6) for PF leads to
PF ¼ PT  PT þ DNAT þ Ksoln2
 
þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PT þ DNAT þ Ksoln
2
 2
 PT  DNAT
s
ð7Þ
Using Eq. (4) and assuming that only free protein (PF) contrib-
utes to binding, an equation describing the equilibrium response
values (‘‘estimation model’’) can be derived:
Requ  kprop  PF
¼ kprop
 PT  PT þ DNAT þ Ksoln2
 
þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PT þ DNAT þ Ksoln
2
 2
 PT  DNAT
s0
@
1
A
ð8Þ
Eq. (8) can be fitted to the experimental equilibrium (steady-
state) response values (Req) with kprop and Ksoln as the two fitted
parameters and PT and DNAT as constants. The major advantage
of this approach is that the exact value of the DNA-binding disso-
ciation constant (Kchip) of the protein is not required.
To test this approach we injected 10 nM MED1, a concentration
that is well below half of the dissociation constant (31 nM), in the
presence of increasing concentrations of 20-bp wild-type DNA as a
competitor onto a new Biacore SA chip that bore immobilized DNA
of the same type but at a larger amount than used in Fig. 1 (Fig. 2A).
The steady-state protein response values were plotted against the
total concentration of the competitor and fitted using Eq. (8)
(Fig. 2B, solid line), revealing a solution dissociation constant Ksoln
of 48 ± 5 nM (five independent datasets), which is only slightly lar-
ger than the constant that was calculated directly using chip-
bound DNA (Kchip).
To demonstrate the validity of the estimation of Eq. (4) under
these conditions we have also fitted these data using Eq. (3) with-
out the approximation. Under the above-mentioned assumption
that SPR signals originate from free protein only, Eq. (3) in combi-
nation with Eq. (7) (‘‘analytical model’’) can be rewritten as
Requ ¼ Rmax  PFPF þ Kchip
¼ Rmax 
PT  PTþDNATþKsoln2
 
þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PTþDNATþKsoln
2
 2
 PT  DNAT
r
PT  PTþDNATþKsoln2
 
þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PTþDNATþKsoln
2
 2
 PT  DNAT þ Kchip
r
ð9Þ
The dashed line in Fig. 2B shows a fit to Eq. (9) with Rmax and
Ksoln as the two fitted parameters. Notably, in addition to the total
concentration of protein and DNA (PT and DNAT, respectively), the
dissociation constant of the MED1 protein (Kchip) that was deter-
mined directly earlier (Fig. 1) was held constant at 31 nM. The fit
is almost identical to the estimation model of Eq. (8). We carried
out fits to five independent experiments revealing a Ksoln of
35 ± 3 nM, which is very close to the constant that was calculated
directly (31 ± 6 nM) and only slightly smaller than using the esti-
mation approach (48 ± 5 nM).
Our estimation model can readily be applied to measure bind-
ing constants of any DNA mutant or variant in solution. To demon-
strate this, we used a truncated double-stranded DNA lacking at
least one of the key binding bases, which was therefore expected
to bind to MED1 substantially weaker than wild-type DNA [7].
The fits to Eqs. (8) and (9) (Fig. 2C) were of high quality (reduced
v2 = 2.1–2.2) and resulted in dissociation constants (Ksoln) of
84 ± 10 and 63 ± 8 nM (n = 4), respectively, with no significant dif-
ference (P > 0.01) between our estimate and the analytical model.
The measured binding strength of this truncated DNA is signifi-
cantly weaker compared to wild-type DNA binding, consistent
with our published gel-shift data [7].
To estimate the error that results in the application of our esti-
mation model compared to the analytical model, we have plotted a
comparison between Eq. (3) and the approximation of Eq. (4) (Sup-
plementary Fig. 1A). If a protein concentration (PF) of half of the
dissociation constant Kchip is used (Fig. 2), the actual error will be
exactly 50% (arrows in Supplementary Fig. 1A). However, the addi-
tion of competitor DNA results in the preformation of a protein–
DNA complex in solution (Eq. (6)), which significantly decreases
the amount of free protein in solution and results in a substantial
reduction of the error. The magnitude of the reduction depends
on the dissociation constant of the protein–DNA interaction Ksoln,
as seen from the simulations depicted in Supplementary Fig. 1B.
Under conditions where Kinh is equal to or below the total protein
concentration (curves 2 and 3), a four- to fivefold molar excess of
competitor DNA over protein is sufficient to reduce the error to be-
low 10%, a size that lies well within the inaccuracies of determin-
ing protein or DNA concentrations. However, for very weak
interactions (e.g., Ksoln = 10  PT) an addition of at least 40–50
times competitor DNA is required to decrease the error to below
10% (Supplementary Fig. 1B, curve 1).
Together, these data (Fig. 2 and Supplementary Fig. 1) demon-
strate that under conditions where the total protein concentration
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(PT) is below half of the dissociation constant (Kchip) and suffi-
ciently high amounts of competitor DNA are available, the binding
constant of any competitor DNA to the protein in solution can be
calculated within an acceptable error range using our estimation
model. Importantly, this analysis can be carried out using increas-
ing concentrations of DNA competitor in the presence of protein in
solution on one SPR chip only, resulting in significant cost and time
savings.
The estimation model is valid over a wide range of dissociation
constants
To test whether our model is valid over a range of dissociation
constants, we carried out SPR competition experiments using a
second protein with significantly different DNA-binding proper-
ties. The OB domain of hSSB2 recognizes single-stranded DNA with
a dissociation constant in the micromolar range and a 6-bp foot-
print [8].
First, to establish a suitable concentration, a binding curve was
measured using a protein concentration range of 0–2 lM and
immobilized DNA on a Biacore SA chip (Fig. 3A and Supplementary
Fig. 2). The calculated dissociation constant Kchip was 1.4 lM,
which is approximately 100 times weaker than that for the
MED1–DNA interaction. For competition experiments, 0.5 lM
hSSB2, a concentration well below half of the dissociation constant
(Eq. (4)), was injected in the presence of increasing concentrations
of DNA with the same sequence but without the biotin tag
(Fig. 3B). Here, a new SPR chip with immobilized biotinylated
DNA at a larger amount compared to Fig. 3A was utilized. Fits to
both the analytical (Eq. (9)) and the estimation model (Eq. (8))
were of high quality (reduced v2 = 42 and 33, respectively). The
calculated binding constants Ksoln (1.0 ± 0.2 and 1.4 ± 0.3 lM,
respectively) from three or four independent experiments closely
resemble that determined directly (Kchip, Fig. 3A). No significant
difference (P > 0.01) was found between the two models, confirm-
ing that the estimation model represents an excellent alternative
to the analytical model over a wide range of dissociation constants.
Steady-state competition experiments as a tool for semiquantitative
analysis of protein–DNA interactions
We have demonstrated that our approach can be used to accu-
rately determine binding constants over a wide range of concentra-
tions using SPR competition experiments. However, this can be
time consuming, for example, in a situation in which a large panel
of DNA mutants needs to be tested to validate a proposed protein-
binding interface. Thus, we designed a protocol whereby SPR stea-
dy-state experiments can be used in a semiquantitative manner to
determine a set of protein–DNA dissociation constants in a single
experiment using a fixed concentration ratio of protein to compet-
itor DNA and without the explicit knowledge of the protein–DNA
dissociation constant Kchip.
Fig.2. SPR competition experiments under steady-state conditions. (A) Raw SPR data for the MED1–DNA interaction in the presence of increasing amounts of competitor
wild-type (WT) DNA (0–100 nM). (B) Steady-state response values (from (A)) plotted as a function of the total protein concentration with fits to Eq. (8) (solid line, estimation
model) and Eq. (9) (dashed line, analytical model). Note the excellent agreement between the two models. (C) The same experiment as in (B) with a truncated 16-bp DNA as
competitor and WT DNA bound to the chip. Total MED1 concentration (PT) is 10 nM for (A–C). Boxes in (B) and (C) indicate which model was used as well as dissociation
constants (Ksoln) and reduced v2 values. RU, resonance units.
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To evaluate this protocol, we probed the DNA-binding specific-
ity of the fifth zinc finger of the murine transcription factor protein
MyT1. Previously, we measured the binding constant of this do-
main for the double-stranded DNA sequence 50-GAAGTTC-30
(27 lM) by ITC [6]. An oligonucleotide with this sequence was
immobilized onto a Biacore SA chip and treated with 12 lM
MyT1 F5 (which is well below half of Kchip [6]) in the presence of
a range of DNA mutants. As shown in Fig. 4A, different responses
are observed depending on the identity of the DNA mutant.
Fig. 4A and B show data recorded in our previously published study
[6], in which we used the competition approach to measure the
binding of the DNA mutants relative to wild-type (RARE) DNA.
We have redrawn these data here to show the relative steady-state
values as a function of the DNA mutant (Fig. 4B). Mutants A7G and
T9G have larger relative response values than wild type, under-
scoring the importance of these two bases for DNA binding.
Assuming the injection of different mutants onto the same chip,
Eq. (8) can be used to calculate relative response values Requ,rel (see
also Table 1) as
Requ;rel ¼ Rðwith competitorÞRðwithout competitorÞ ¼
kprop  PF
kprop  PT
¼
PT  PTþDNATþKsoln2
 
þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PTþDNATþKsoln
2
 2
 PT  DNAT
r
PT
ð10Þ
If PT = DNAT and a ratio of the concentration of injected protein
PT to the dissociation constant Ksoln of the protein–competitor DNA
interaction (=r) is defined,
r ¼ PT : Ksoln; ð11Þ
Eq. (10) can be written as
Requ;rel ¼
PT  PTþPTþ
PT
r
2
 
þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PTþPTþPTr
2
 2
 PT  PTr
s
½PT
ð12Þ
Eq. (12) can then be simplified to Eq. (13):
Requ;rel ¼ 1 2  r þ 12  r þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2  r þ 1
2  r
 2
 1
r
s
: ð13Þ
Thus, relative steady-state responses are a function only of the
ratio r between PT and Ksoln.
Eq. (13) can be recalculated for different values of DNAT (e.g.,
two times or half PT) and is plotted for several values in Fig. 4C.
Within a certain window, there is a linear relationship between
the relative protein response and log(r) that depends strongly on
the ratio of PT:DNAT. It follows that, if a rough estimate of the bind-
ing constant Kchip for the wild-type DNA is known, a specific pro-
tein and competitor DNA concentration can be chosen to ensure
linearity between measured relative steady-state levels and the
logarithm of r.
In the case of MyT1, the DNA mutants exhibit between 20 and
38% relative response values (Fig. 4B), leading to an r value of be-
tween 0.3 and 1 (Fig. 4C). Using r and a total protein concentration
of 12 lM, a Ksoln range for the mutants and the wild-type protein of
12–40 lM can be deduced, revealing that both mutants A7C and
T9G exhibit approximately 3.5 times weaker (40 lM) binding
compared to the wild-type protein (12 lM). Notably, the binding
constant of the wild-type protein determined is in good agreement
with the value obtained by ITC (27 lM) [6]. Thus, this approach
represents a quick and reliable method to simultaneously calcu-
late, in a semiquantitative manner, dissociation constants of a large
set of DNA mutants (Ksoln) using an estimate of the binding con-
stant of the wild-type DNA (Kchip) as the sole input.
Discussion
We have described here a method to determine binding con-
stants for protein–DNA interactions with a 1:1 binding stoichiom-
etry using SPR competition experiments in both quantitative and
semiquantitative setups. Apart from the prerequisites that the
interaction under study has only one defined binding constant
(no heterogeneity) and the chip-bound ligand is stable over the
course of the experiment (which is almost always the case for pro-
tein–DNA interactions) there are three possible limitations to our
approach.
First, as seen from Eq. (4), a rough estimate of the dissociation
constant is required to establish an appropriate range of concentra-
tions from which a suitable protein concentration for semiquanti-
tative competition experiments (Fig. 4) can be chosen. To
determine the exact range of total protein concentrations in rela-
tion to the dissociation constant for which our estimation is valid,
we have calculated the relative steady-state responses without the
approximation of Eq. (4) (i.e., assuming a set of given constants
Kchip) and compared these to our model. Using the first part of
Fig.3. The estimation model is valid over a wide range of dissociation constants. (A) hSSB2 binding curve (steady-state values), together with a fit to Eq. (3) (see text),
revealing a Kchip of 1.4 lM. (B) Steady-state response values as a function of the total protein concentration from one representative experiment (hSSB1 in the presence of
increasing concentrations of competitor wild-type DNA) with fits to Eq. (8) (solid line, estimation model) and Eq. (9) (dashed line, analytical model), demonstrating the
validity of our approach over a wide range of dissociation constants. The total hSSB2 concentration (PT) is 0.5 lM. RU, resonance units.
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Eq. (10) in combination with Eq. (3), an exact model (analytical
model) that includes Kchip can be derived:
Requ;rel ¼ Rðwith competitorÞRðwithout competitorÞ ¼
Rmax  PFPFþKchip
Rmax  PTPTþKchip
¼ PF
PT
 PT þ Kchip
PF þ Kchip
¼
PT  PTþDNATþKsoln2
 
þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PTþDNATþKsoln
2
 
 PT  DNAT
r
½PT
 PT þ Kchip
PT  PTþDNATþKsoln2
 
þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PTþDNATþKsoln
2
 2r
 PT  DNAT
 !
þ Kchip
:
ð14Þ
To assess the effect of Kchip on the resulting function we plotted
the function for various ratios of Kchip:Ksoln and PT:DNAT (Supple-
mentary Fig. 3A and B), in analogy to Fig. 4C. At a ratio of Kchip:Ksoln
of 1:1 (Supplementary Fig. 3A, curve (2)), comparison with our
estimation model (curve (1)) indicates that total protein concen-
trations (PT) of 0.01–1 times the value of Kchip can be used to
achieve linearity between the relative steady-state values and
the logarithm of the ratio between PT and Ksoln. This ‘‘concentration
window’’ is indicated in Supplementary Fig. 3A by the two vertical
arrows. However, at a ratio of Kchip:Ksoln of 1:10 (that is, the DNA
mutant binds protein with an affinity that is 10 times weaker than
wild-type DNA), relative steady-state responses decrease only
70%, significantly decreasing the concentration window as de-
picted in Supplementary Fig. 3A (curve (3)). To circumvent this
problem, the ratio between total protein and DNA mutant can be
increased to 1:50 (similar to our error analysis in Supplementary
Fig. 1), which leads to relative responses similar to those observed
with the lower ratio of 1:5 (Supplementary Fig. 3B). This is illus-
trated in Supplementary Fig. 3B by the significantly smaller differ-
ence between curves (3) and (1), which shows that measurements
for DNA mutants with dissociation constants of up to 10 times lar-
ger than that of the wild type are possible.
The second potential limitation of our approach is that Eq. (6) is
valid only when the preestablished equilibrium between protein
and competitor DNA is not disturbed during the SPR run. This con-
dition is almost always satisfied because of the short contact times
in the SPR flow cell required for protein–DNA interactions. If the off
rate of the binding is very high (>1 s1), preformed complexes can
dissociate, migrate to the surface of the chip, and rebind onto
immobilized DNA. However, often the inaccuracies in protein or
DNA concentrations outweigh the error caused by dissociation of
the complex anyway [11] and it is unlikely that this represents a
substantial issue for most measurements.
Third, our protocol requires the SPR protein-binding curve for
the interaction under study to reach the equilibrium within the
injection time. Assuming a maximal injection time of 10 min and
a free protein concentration range well below Kchip (10–100%;
see Results), simulations reveal that this condition is always satis-
fied for interactions with off rates (kdiss, Eqs. (1)–(3), Table 1) larger
than 5  103 s1 (Supplementary Fig. 4). Increasing the injection
time results in even lower limits; however, this is often not possi-
ble because of significantly longer experiment times, and thus
interactions with very low off rates have to be excluded from anal-
ysis by our method.
Fig.4. Semiquantitative analysis of MyT1–DNA binding. (A) Raw SPR data showing the interaction of MyT1 in the presence and absence of either WT DNA or one of two
mutants. (B) Relative MyT1 protein binding response as a function of competitor DNA for nine different DNA mutants. (C) Simulated protein binding response curves shown
for various values of the logarithm of r (ratio of total protein concentration PT to competitor dissociation constant Ksoln; based on Eq. (12); see also Table 1). Arrows and dotted
lines illustrate how relative response values of DNA mutants from (B) can be used to calculate individual binding constants (Ksoln). RU, resonance units.
184 Protein–DNA binding by SPR competition experiments / R. Gamsjaeger et al. / Anal. Biochem. 440 (2013) 178–185
99
In summary, two main conditions have to be satisfied for our
novel approach to be applied successfully. First, large amounts of
DNA mutants or variants (to achieve a sufficiently high ratio be-
tween total protein and DNA mutant) must be available to reduce
the actual error over the analytical model (Supplementary Fig. 1) as
well as to ensure linearity of the relative steady-state response
over a large concentration window for our semiquantitative ap-
proach (Supplementary Figs. 1 and 3). Second, the off rate for the
complex has to be in the range of 5  103 to 1 s1 to prevent
the dissociation of the preformed complex in solution during injec-
tion onto the SPR chip as well to ensure that the equilibrium stage
of the binding has been reached (Supplementary Fig. 4). Thus, apart
from very few interactions with extremely high or low off rates,
our protocol should be applicable for the study of a majority of
important protein–DNA complexes.
Our approach differs from existing similar methods. Both Nieba
et al. [11] and Hall and Winzor [12] describe related approaches
that, in contrast to our method, require the determination of ki-
netic parameters such as kobs values to determine binding con-
stants. A further disadvantage of these approaches is that a rapid
analysis in a semiquantitative analysis as described above is not
possible since a series of kobs values would have to be measured
for each individual DNA mutant.
In a study by de Mol [13], another similar protocol was devel-
oped. However, the simplification of Eq. (4) was not introduced,
making fitting of the reported equation complicated and time con-
suming and rendering this approach unsuitable for data analysis in
a semiquantitative manner as described here.
Finally, the approach of Gonzales et al. [14] uses the slopes of
binding curves in the presence and absence of competitor to calcu-
late relative competition profiles. These are subsequently used to
determine IC50 values, which are concentrations of competitor re-
quired for half-maximal inhibition of the binding. However, for
protein–DNA interactions the determination of slopes of binding
curves is often not practical because of the fast on rates of the bind-
ing. In addition, in contrast to our method only estimates of bind-
ing constants can be obtained using this approach.
We have shown that our protocol can be used for the measure-
ment of protein–DNA interactions. However, using different sur-
face chemistries, other classes of interactions (e.g., protein–
protein or protein–small molecule interactions) might be analyzed
in the same fashion. For example, commercially available NTA-la-
beled SPR chips allow for the direct immobilization of proteins
onto the surface via a polyhistidine tag on either end of the mole-
cule [15].
In summary, our approach represents an inexpensive, time-effi-
cient, and easy-to-implement way of determining protein–DNA
dissociation constants in a semiquantitative or quantitative man-
ner and is broadly applicable to laboratories with an interest in
the quantitative analysis of protein interactions.
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 A structural insight into the ssDNA binding mechanism of 6.1
simple SSB proteins 
SSBs from all domains of life display diverse subunit arrangements, despite sharing a 
common structural OB fold. Regardless, all SSBs still possess the ssDNA binding 
function required for genome maintenance. The differences in domain organisation may 
however impact on the specific nature of how SSBs bind ssDNA, which may in turn 
reflect the complexity of the organism and the ability to adapt to certain environmental 
conditions. To appreciate these differences, we aim to understand the detailed 
biophysical and structural mechanisms of how SSBs from different domains of life bind 
ssDNA. This area of research has expanded dramatically with the ability to obtain high 
resolution 3D structures of SSB-ssDNA complexes using a number of structural 
methods. Chapters 3 and 4 of this thesis contribute to this collection of structures, where 
I have presented the NMR structures of SsoSSB and hSSB1 bound to ssDNA. 
Furthermore, I have mapped out the DNA binding interface of SsoSSB and both hSSBs, 
which collectively exhibit a conserved DNA binding mechanism for simple SSBs across 
two domains of life.  
Typically, SSBs show modest affinity to RNA (90). For example, SSBs such as RPA 
and EcoSSB have demonstrated the ability to efficiently discriminate between ssDNA 
and RNA, which is evident from the significantly weaker binding affinity observed for 
RNA (67,91,92). This capability may arise from unfavourable energetics due to steric 
clashes from the 2ʹ hydroxyl group of the RNA molecule, or from differences in 
conformational flexibility of these nucleic acids (93). I have established that in contrast 
to RPA and EcoSSB, SsoSSB binds RNA with similar affinity and kinetics to ssDNA 
(Chapter 3). Furthermore, no major structural differences were observed between 
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ssDNA and RNA recognition of SsoSSB. In S. solfataricus, mRNAs show increased 
half-lives at elevated temperatures, potentially due to the protection and stability 
provided by the binding of SsoSSB to these molecules. In light of this, the conserved 
binding interface observed for hSSBs and SsoSSB may indicate that the hSSB1 and 
hSSB2 have the potential to bind to RNA in a similar manner. However, further studies 
are needed to verify this, which could subsequently provide an additional role for the 
hSSBs in RNA metabolism in human cells. In fact, a recent 
immunoprecipitation/proteomic study by our collaborators, Ashton et al., 2016 (11), 
pointed to potential functions for hSSB1/2 in mRNA metabolism, transcriptional 
transactions and ribosomal processes. 
 Clinical significance 6.2
 hSSBs and DNA repair 6.2.1
The recent discovery of hSSB1 and hSSB2 has challenged our current knowledge on 
DNA processing events in cells. Prior to this, RPA was the only known human SSB 
protecting exposed ssDNA and playing a significant role in these pathways. A number 
of studies have shown putative functions for the hSSBs in many DNA metabolic 
processes; however, their main function appears to be central to a range of DNA repair 
systems. Both hSSBs were initially identified as major players in the DSBR pathway 
via homologous recombination, and have since revealed additional functions in base 
excision repair (BER) and nucleotide excision repair (NER) pathways (unpublished 
data). These repair processes are essential in removing a range of DNA damages caused 
by oxidation, ionising radiation and UV radiation. Consequently, cells deficient in 
hSSBs have been shown to exhibit increased radio sensitivity and enhanced genomic 
instability, pointing to their crucial role in DNA repair.  
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The loss of one of the hSSBs can be compensated for by the other, pointing to 
overlapping functions for these proteins (73,74). However, their distinct C-terminal 
regions are likely to be involved in separate subsets of protein-protein interactions with 
the potential for more specific roles for these proteins, which is yet to be explored (94). 
Additionally, a tissue specific role has been proposed for these SSBs in mice, based on 
differential expression levels observed in testis, spleen and thymus (95,96). 
Irrespective of the precise function of hSSBs in DNA repair, both homologues are 
primarily involved in binding ssDNA, and act very early in the damage response. This 
gives credence to studying hSSB1 and hSSB2 as suitable targets to shut down highly 
active DNA repair processes in tumour cells. 
 hSSBs in anti-cancer therapy 6.2.2
Many chemo/radio-therapy options focus on efficiently killing cancer cells by inducing 
DNA damage and driving apoptosis. Unfortunately, cancer cells also display a high rate 
of DNA repair that counteracts these therapies, ensuring prolonged survival of these 
cells. A current solution to this has been the development of therapies to specifically 
inhibit DNA repair activities, which can subsequently enhance the effects of current 
DNA-damaging anti-cancer treatments. 
Understanding DNA repair events in molecular detail is crucial when designing drugs to 
inhibit these processes. More recently, this approach has been exploited by the 
development of inhibitors to PARP proteins, which are involved in damage recognition. 
Examples of these inhibitors include olaparib (97,98), which is currently being used for 
treatment of ovarian cancer in women and talazoparib (99), which is still in early 
clinical trial stages.  
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As discussed earlier, hSSB1 and hSSB2 are present in the initial stages in a range of 
repair pathways making them highly suitable targets for inhibition. The development of 
specific compounds to target hSSB1 and hSSB2 will therefore help sensitise cancer 
cells to current treatment methods. Given the overlapping and compensatory functions 
of these SSBs, a dual inhibition of both proteins will likely enable more effective 
treatment results. 
The development of small molecule inhibitors has been heavily reliant on structural 
information available for the targeted DNA repair proteins. Chapter 4 of this thesis 
characterises the DNA binding interface and binding characteristics of hSSB1 and 
hSSB2. These data will contribute to the development of small molecule inhibitors for 
these novel human SSBs, which will have potential in complementing traditional anti-
cancer therapies in the future. 
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